ハロゲン含有ポリマーのリサイクルに向けた脱ハロゲン化および分離プロセスの開発 by Fonseca Ashton Juan Diego
Development of New Processes for the
Dehalogenation and Segregation of
Halogen-containing Polymers for their
Recycling










Development of New Processes for the Dehalogenation and 














TABLE OF CONTENTS 
 
Chapter I: Introduction ...................................................................................................................... 1 
1.1. Current state of plastics production and plastic waste disposal ............................................ 2 
1.2. Methods for the recycling of plastics .................................................................................... 5 
1.3. Halogenated polymers and additives studied in this thesis ................................................... 8 
1.3.1. Poly(vinyl chloride) ...................................................................................................... 8 
1.3.2. Phthalic plasticizers..................................................................................................... 10 
1.3.2.1. Environmental and public health concerns ......................................................... 11 
1.3.2.2. Separation of phthalate plasticizers from flexible poly(vinyl chloride) .............. 12 
1.3.3. High-impact polystyrene ............................................................................................. 17 
1.3.4. Brominated flame retardants ....................................................................................... 19 
1.4. Dehalogenation processes for halogen-containing polymers .............................................. 23 
1.4.1. Dehydrochlorination ................................................................................................... 23 
1.4.1.1. Thermal dehydrochlorination .............................................................................. 24 
1.4.1.2. Dechlorination in solution ................................................................................... 29 
1.5. Objectives of this research .................................................................................................. 32 
1.6. Structure of this thesis ......................................................................................................... 34 
References ....................................................................................................................................... 36 
 
Chapter II: Steam-assisted dehydrochlorination of poly(vinyl chloride) materials.................... 43 
2.1. Introduction ......................................................................................................................... 44 
2.1.1. Steam-assisted thermal dehydrochlorination treatment .............................................. 44 
2.1.2. Objectives and outline of this chapter ......................................................................... 45 
2.2. Experiment .......................................................................................................................... 46 
2.2.1. Materials and reagents ................................................................................................ 46 
2.2.2. Experimental method .................................................................................................. 47 
2.2.3. Analysis....................................................................................................................... 49 
2.2.4. Definition of terms ...................................................................................................... 49 
2.3. Results and discussion ........................................................................................................ 50 
2.3.1. Weight reduction of samples ....................................................................................... 50 
2.3.2. Dehydrochlorination behavior of samples .................................................................. 52 
2.3.2.1. Effect of steam concentration on dehydrochlorination ratio ............................... 52 
2.3.2.2. Effect of temperature and reaction time on dehydrochlorination ratio ............... 54 
2.3.3. Appearance of treated samples.................................................................................... 55 
2.3.4. Changes in bonding characteristics of samples ........................................................... 57 
 
 
2.3.5. Steam-assisted dehydrochlorination reaction kinetics study ....................................... 61 
2.3.5.1. Experimental method .......................................................................................... 61 
2.3.5.2. Results and discussion......................................................................................... 63 
2.4. Summary and conclusions .................................................................................................. 68 
References ....................................................................................................................................... 69 
 
Chapter III: Interaction between plasticizer and poly(vinyl chloride) degradation products in 
the steam-assisted thermal treatment.............................................................................................. 71 
3.1. Introduction ......................................................................................................................... 72 
3.1.1. Chapter objectives and outline .................................................................................... 73 
3.2. Experiment .......................................................................................................................... 74 
3.2.1. Materials and reagents ................................................................................................ 74 
3.2.2. Experimental method .................................................................................................. 74 
3.2.3. Analyses ...................................................................................................................... 75 
3.2.4. Definition of terms ...................................................................................................... 76 
3.3. Results and discussion ........................................................................................................ 77 
3.3.1. Thermal decomposition and weight loss distribution.................................................. 77 
3.3.1.1. Poly(vinyl chloride) resin weight loss distribution ............................................. 77 
3.3.1.2. Dioctyl phthalate weight loss distribution ........................................................... 80 
3.3.1.3. Flexible poly(vinyl chloride) weight loss distribution ........................................ 81 
3.3.2. Sample degradation products ...................................................................................... 84 
3.3.2.1. Poly(vinyl chloride) resin and dioctyl phthalate degradation products ............... 84 
3.3.2.2. Flexible poly(vinyl chloride) degradation products ............................................ 87 
3.3.2.3. Poly(vinyl chloride)-dioctyl phthalate product formation mechanism................ 91 
3.4. Summary and conclusions .................................................................................................. 95 
References ....................................................................................................................................... 97 
 
Chapter IV: Selective steam-assisted mechanical grinding of flexible poly(vinyl chloride) ........ 101 
4.1. Introduction ....................................................................................................................... 102 
4.1.1. Medical use flexible poly(vinyl chloride) waste management in Japan.................... 102 
4.1.2. Proposed process for the treatment of plastic medical waste. ................................... 104 
4.1.3. Chapter objectives and outline .................................................................................. 106 
4.2. Experiment ........................................................................................................................ 107 
4.2.1. Equipment ................................................................................................................. 107 
4.2.2. Materials and reagents .............................................................................................. 108 
4.2.3. Experimental method ................................................................................................ 108 
 
4.2.4. Analyses .................................................................................................................... 109 
4.2.5. Definition of terms .................................................................................................... 110 
4.3. Results and discussion ...................................................................................................... 111 
4.3.1. Effects of temperature and steam .............................................................................. 111 
4.3.2. Relation between plasticizer content and grindability .............................................. 113 
4.3.3. Effect of plasticizer removal pretreatment ................................................................ 115 
4.3.4. Effect of autoclaving pretreatment ............................................................................ 117 
4.3.5. Combined effect mechanism for milling of flexible poly(vinyl chloride) ................ 120 
4.4. Summary and conclusions ................................................................................................ 123 
References ..................................................................................................................................... 125 
 
Chapter V: Ball mill-assisted debromination of flame retardant-containing high impact 
polystyrene in ethylene glycol alkaline solution ........................................................................... 127 
5.1. Introduction ....................................................................................................................... 128 
5.1.1. Chapter objectives and outline .................................................................................. 129 
5.2. Experiment ........................................................................................................................ 131 
5.2.1. Materials and reagents .............................................................................................. 131 
5.2.2. Experimental method ................................................................................................ 131 
5.2.2.1. Stirred flask experiment .................................................................................... 131 
5.2.2.2. Ball-mill reactor experiment ............................................................................. 132 
5.2.3. Analyses .................................................................................................................... 132 
5.2.4. Definition of terms .................................................................................................... 134 
5.3. Results and discussion ...................................................................................................... 135 
5.3.1. Debromination behavior of samples ......................................................................... 135 
5.3.1.1. Effect of temperature and NaOH concentration ................................................ 135 
5.3.1.2. Effect of ball-milling ......................................................................................... 137 
5.3.2. Degradation products characterization ...................................................................... 139 
5.3.2.1. Changes in appearance and bonding characteristics of sample ......................... 139 
5.3.2.2. Changes in the thermal stability of solid sample residue .................................. 142 
5.3.2.3. Soluble brominated degradation products and formation mechanism .............. 143 
5.3.3. Debromination reaction kinetics study ...................................................................... 146 
5.3.3.1. Experimental method ........................................................................................ 146 
5.3.3.2. Results and discussion....................................................................................... 148 
5.4. Summary and conclusions ................................................................................................ 151 




Chapter VI: Synthesis and conclusions ......................................................................................... 153 
6.1. Chapter-by-chapter summary ............................................................................................ 154 
6.2. Final conclusions............................................................................................................... 156 
Appendix ........................................................................................................................................... 157 
Acknowledgements ........................................................................................................................... 163 
 












Section 1.1 introduces the current state of plastics and plastic waste disposal, followed 
by an outlook of methods for the recycling of plastic waste disposal on section 1.2. 
Section 1.3 provides halogenated polymers and their additives as the focus materials of 
this thesis. Section 1.4 explains the dehalogenation processes and mechanisms required 
by these materials. Section 1.5 states the objectives of this research, and section 1.6 
shows the structure and flow of the chapters which conform this thesis.  




1.1. Current state of plastics production and plastic waste disposal 
According to the International Union of Pure and Applied Chemistry (UIPAC), “plastic” 
is a generic term used to describe a wide variety of polymeric materials that can be 
molded into solid objects [1]. As the word implies, these materials’ main characteristic 
is plasticity, the property which allows them to bend without breaking or losing their 
original shape. The term “plastic” encompasses both pure polymer compounds and 
formulations containing additives, generally synthetic organic compounds, to improve 
performance or reduce production costs. Polymers used for plastics are often synthetic 
compounds with high molecular weight. Although there are numerous naturally 
occurring polymers, the great majority of polymers and additives used by the plastics 
industry constitute of petrochemical derivatives. In fact, around 5 % of the crude oil 
extracted worldwide is used for plastic manufacture, while an additional 4 % is used as 
energy for manufacturing these plastics [2]. 
 
Since their full-fledge production began at the beginning of the 20th century, plastics 
have become an indispensable material in household and industrial applications. Plastics 
are present around us at all times to an extent that makes life without them 
unimaginable. Since the decade of 1980, the worldwide production of plastics has 
steadily increased around 5 % yearly, with an estimated total production of 311 million 
metric tons (MMT) in the year 2014 (Figure 1.1) [3]. China is both the largest producer 
and consumer of plastics, contributing to around 25 % and receiving approximately 
56 % of the total production. It is followed by Europe with 20 %, North America with 
19 %, and Asia (excluding China and Japan) with 16 % of the total worldwide 
production (Figure 1.2) [4]. 




Figure 1.1 Worldwide production of plastics from 1950 to 2014. 
 
 
Figure 1.2 Worldwide plastics production by region for the year 2014. Abbreviations: 
EU27+2 (European Union 27 members + Switzerland and Norway), NAFTA (North 
America Free Trade Agreement), CIS (Commonwealth of Independent States). 
 
However, along with the large production of plastics also comes a large generation of 
waste. It is estimated that around 9.94 MMT of plastic waste are produced around the 




















































the last few years, the total amount of plastic waste recycled worldwide amounts only 5 
wt% in average and there is great discrepancy among countries and their waste 
management records. For example, in the European Union it is estimated that 26 % (6.6 
MMT) of plastic waste are reused, while 36 % are incinerated for energy recovery, and 
38 % destined to landfills [6]. On the other hand, in the United States of America only 
9 % (2.8 MMT) of the waste plastic is reused, while the rest (32 MMT) is discarded 
mainly on landfills [6]. Worldwide, an estimated 22 to 43 % of all plastic waste is 
dumped in landfills [6]. Unfortunately, landfilling this waste creates problems regarding 
the contamination of land sites with persistent chemical pollutants, especially through 
the leaching of additives included blended into the plastics [7]. 
 
One way to prevent the aggravation of plastic waste causing environmental problems is 
to reduce our excessive dependency upon plastics as a society. However, this contradicts 
the current tendency of modern western societies that insist on economic and social 
systems based on consumerism and continuous growth rather than in conscious and 
careful use of resources aiming for sustainability. In recent years, a growing concern 
regarding the eventual depletion of petrochemical resources and emergence of public 
health issues due to improper waste disposal has created a need to further develop and 
apply the technologies for the recycling of plastics. The need to effectively reutilize 
plastic wastes is not only due to the scarcity of petrochemical resources; it is also a 
matter concerning the conservation of the environment and the prolonged use of land 
[8].  




1.2. Methods for the recycling of plastics 
Disposal of plastic waste can be done through a number of different methods, each with 
varying levels of desirability. The least desirable methods are landfilling and open air 
combustion due to their unrestrained release of pollutants into the environment and the 
complete squandering of potentially useful material. Unfortunately, these are the most 
widespread methods in most countries due to the lack of economic and technological 
resources. Other more desirable approaches to plastic waste disposal in terms of 
reusability are generally separated into three categories: thermal recycling, material or 
mechanical recycling, and chemical recycling [9]. A summary is presented in Table 1.1. 
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* Around the world. ** Specially in developed countries. 
 
Among the three methods listed above, thermal recycling is the most often used and it 
refers to the incineration of plastic waste to recover energy thermal destined to 
electricity generation. Contrary to its debatable definition as “recycling”, the final 




products obtained are thermal or electric energy and combustion residues, neither of 
which can be used as material resources as part of a cycle of plastics production. For 
this reason, “thermal reuse” is often regarded as a more fitting term for this method. 
 
The idea of achieving the recirculation of waste materials as future resources suggests 
that the focus must be concentrated on further developing material and chemical 
recycling. Material or mechanical recycling uses plastic waste as plastic material by 
melting, reformulating, and reshaping into various types of products such as pipes and 
sheets. However, its application is limited to low quality production that might employ 
irregularly formulated plastics such as those originated from mixed plastic waste 
streams. Chemical recycling breaks down and recovers the plastic waste into its 
constituent monomers and chemical substances for reuse. Chemical recycling methods 
such as dissolution/segregation of components, liquefaction, and gasification can 
provide valuable petrochemical feedstock such as pure monomers and oil. However, 
chemical recycling has the disadvantages of high operation costs and requiring high 
quality plastic waste feeds, making it the least accessible method for recycling among 
the three. 
 
The type of plastic contained in the waste is an important factor in determining the 
applicability of a recycling technology. The presence of additives and the characteristics 
of the base polymer resin used often mean that pretreatment is necessary before a 
particular plastic waste can be processed alongside other plastic waste streams. This is 
the case with halogenated plastics, which are perhaps the most challenging for safe 
disposal or recycling. When halogenated plastic waste is incinerated as-is, it can release 




acid hydrogen halide gases which corrodes and damages treatment facilities [10]. 
Additionally, there is the risk of formation and emission of toxic halogenated toxic 
compounds such and dioxins and dibenzofurans unless necessary precautions are 
exercised [10,11,12]. Consequently, processing halogenated plastic waste implies 
additional economic burdens from the facility’s maintenance and repair, as well as the 
special measures needed to control the emission of dangerous halogenated organic 
byproducts. To avoid these technical and environmental problems, it is suggested that 
halogenated plastic waste undergo dehalogenation pretreatment to allow its joint 
disposal or recycling along with other non-halogenated plastics.  
 
The research presented in this thesis focuses on two of the aforementioned halogenated 
plastics, namely poly(vinyl chloride) (PVC) and brominated flame retardant-containing 
high impact polystyrene (HIPS), and the dehalogenation pretreatments for their 
recycling or safe disposal. Both these plastics will be introduced in detail along with 
their most common additives in the next section. 
  




1.3. Halogenated polymers and additives studied in this thesis 
1.3.1. Poly(vinyl chloride) 
Poly(vinyl chloride) (PVC) is a low-cost yet very versatile material. Besides being 
strong, workable, and flame resistant, it can also be blended with various additives, such 
as plasticizers and fillers, to yield the necessary properties for any one of a large number 
of applications. The most unique characteristic of PVC is its high chlorine content, 
which makes up around 57 wt% of pure PVC resin (Figure 1.3). This allows for high 
volumes of PVC to be manufactures with a relatively low amount of hydrocarbon 
feedstock. For these reasons, over 30 million tons of PVC are manufactured globally per 
year [13], making it the most produced plastic after polyethylene and polypropylene.  
 
 
Figure 1.3 Chemical structure of poly(vinyl chloride) (PVC). 
 
While some inorganic compounds such as CaCO3 and metals like nickel can be blended 
into PVC formulations to reduce its cost of production, increase physical strength, and 
improve resistance to ultraviolet degradation, plasticizers are without any doubt the 
most common and fundamental additives in PVC. It is because of this ability to blend 
with plasticizers that PVC formulations have a wide range of application, either as rigid 
PVC or plasticized or flexible PVC (FPVC). It is not uncommon to find FPVC 
formulations that contain around 20 to 40 wt% of plasticizer, and some PVC gels have a 
plasticizer content as high as around 70 wt%. Since the largest part of the plasticizer 
production (an estimated 87%) is destined for PVC formulations, it is easy to notice the 
close relationship between plasticizers and PVC [14]. 
 




Plasticizers reduce the glass transition temperature of polymers, thus reducing their 
viscosity by lowering their average molar weight. As a result, the flexibility and 
malleability of the polymers increases even at room temperature. There are two ways in 
which a plasticizer is blended into a polymeric mix. The first one is “external 
plasticization”, which is the case when the plasticizer in not chemically bond, but rather 
physically mixed into the resin [15]. On the other hand, “internal plasticization” is when 
the plasticizer molecules are chemically attached to the primary resin. Polymeric 
plasticizers require more complex and expensive plasticization than monomeric 
plasticizers, but they display better retention within the main polymer [16]. Volatile loss 
of plasticizer occurs through a two stage process consisting of diffusion of the 
plasticizer molecules towards the surface and their evaporation into the environment 
[17,18]. This process occurs continuously to a certain extent even at lower temperatures, 
although it can be considered negligible. For this reason, the loss of plasticizer from the 
polymer, and thus degradation of its properties is a phenomenon due to continuously 
happen in time. A higher molar weight is related to a decrease in evaporation and 
diffusion, thus providing a better retention. Another route for plasticizer loss is through 
‘liquid migration’, in which a smaller liquid molecule enters the polymer structure and 
then the plasticizer diffuses into this liquid, which later exits the polymer structure along 
with the extracted plasticizer. Plasticizer shape also plays a role, as branched plasticizers 
are more resistant against migration, hydrolysis and biodegradation [19]. 
 
Among the various types or compounds that can be used as PVC plasticizers the most 
widely used type are phthalate esters, commonly referred to as phthalic plasticizers. The 
reason is that their high molar weight, branched structure with both polar and non-polar 




ends, and compatibility with the PVC resin, makes them ideal for use in FPVC. Two 
commonly used phthalic plasticizers were selected as components of the FPVC samples 
used for the research presented in this thesis. 
 
1.3.2. Phthalic plasticizers 
As their name suggests, phthalate ester plasticizers are derived from phthalic acid which 
has reacted with an alcohol to produce a phthalate ester and water. In reality, the 
dehydrated form of phthalic acid, phthalic anhydride is used for their manufacture as 
these facilitate and increase reaction speed. The identity and properties of a phthalic 
plasticizer will depend on the alcohols used for their manufacture. The two compounds 
selected as compounds of the FPVC used in the present research are dioctyl phthalate 
(DOP), also referred to as di-2-ethylhexyl phthalate (DEHP), and diisononyl phthalate 
(DINP) (Figure 1.4). It can be inferred that DOP is resultant from the reaction of 
phthalic anhydride and 2-ethylexanol, while DINP is the result of the reaction of 
phthalic anhydride with isononyl alcohol. 
 
 
Figure 1.4 Chemical structures of common phthalate plasticizers a) diisononyl 
phthalate (DINP) and b) dioctyl phthalate (DOP). 
 
Both DOP and DINP are liquids and are not chemically bonded to PVC resin. However, 
they are attracted to the polar structure of PVC resin through their polar ester bonds [20]. 
a) b)




Their relatively low molecular weights of 390 and 418, respectively, attributes 
formulations containing DOP or DINP a high level of elasticity. However, it is these 
same low molecular weights, combined with the non-polar ends in their structures, 
which generate some incompatibility with the polar PVC resin backbone. This 
incompatibility is enough to allow these plasticizers to migrate easily from the mixture 
[15]. A higher plasticizer polarity is related to a higher compatibility with the PVC, thus 
making it more difficult to migrate away. However, it has also been shown that using 
high polarity plasticizers affects the PVC formulations negatively by decreasing its 
resistance towards thermal degradation. Because of all the factors stated above, 
although not ideal, both DOP and DINP display excellent properties which explains 
their widespread use by the industry. 
 
1.3.2.1. Environmental and public health concerns 
However useful phthalic plasticizer may be, behind them looms an environmental and 
public health concern [21,22]. This is due to the strong suspicion that phthalate esters 
can act as endocrine disruptors and are linked to the occurrence of various diseases [23]. 
The endocrine system is in charge of hormone production in mammals, and interference 
in its normal functioning can result in cancerous tumors, fertility issues and other 
physiological disorders. For this reason, many phthalates that have been commonly used 
as plasticizers in the past have been banned or restricted, while several others are under 
current inspection. Regardless, plasticized flexible PVC with phthalate plasticizers is 
still and by far the main material for direct exposure applications like medical use 
plastic equipment such as blood and dialysis bags and fluid transfusion tubing [24,25], 
and food packaging as inner lining in canned foods [2] Because of the risks of 




transmission into the human organism, plasticizer migration has been thoroughly 
studied. To minimize the potential dangers that plasticizers pose to the environment and 
health, it is of outmost importance to regulate their use in the industry and to dispose of 
plasticizer containing waste properly. 
 
1.3.2.2. Separation of phthalate plasticizers from flexible poly(vinyl chloride) 
There are innumerable possible formulations for FPVC in terms of the used additives 
and their proportions. Plasticizers, for instance, are often added as mixes or with 
impurities, making it a challenge to know the precise composition of FPVC waste. 
Consequently, it is difficult to effectively recycle it through mechanical or material 
means because of concerns regarding the compatibility of the fresh and recycled 
materials, quality of recycled product, and safety. From the point of view of improving 
product quality for material recycling, segregation of additives and PVC resin as a 
recycling pre-treatment is a valid approach that allows for the further treatment of the 
materials separately. In general, there are two methods to separate and segregate 
plasticizers from a FPVC mix: solvent extraction, and hydrolysis. 
 
1.3.2.2.1. Solvent extraction of plasticizers 
Soxhlet extraction is accepted as the standard method for separation of plasticizers from 
FPVC for the purpose of analysis. The method uses an organic solvent that is recycled 
through evaporation and precipitation throughout the solid sample several times during 
the duration of the procedure. Common solvents include petroleum ether, 
dichloromethane (DCM), tetrahydrofuran (THF), ethyl ether (Et2O), chloroform 
(CHCl3), tetrachloromethane (CCl4), cyclohexane, n-hexane, and ethyl methane, among 




several others. Quantities and duration of the procedure varies, but common practice 
suggest 4~6 hours and 150 ml of solvent per gram of solid plastic sample, with a 
temperature setting that causes a full solvent flush every 4~5 minutes. If the solvent is 
well selected, very high separation efficiencies of over 95% can be achieved [26,27].  
 
Besides Soxhlet extraction, a simple batch solvent extraction is also effective and 
common practice. A study involving batch extraction of plasticizers from PVC made a 
comparison between various solvents in a temperature range of 40~65 °C. The solvents 
investigated were t-butyl alcohol, ethanol (EtOH), methanol (MeOH), isopropyl alcohol 
and n-hexane. At the base temperature of 40 °C, the extraction efficiencies of the 
solvents were 77%, 61%, 61%, 60% and 52%, respectively [28]. For all the solvents 
used, higher temperature provided higher extraction efficiency. For instance, in the case 
of n-hexane the extraction efficiency increased to 95% when the temperature was raised 
to 65 °C. The results from this study suggest a close relation between the extraction 
efficiency and the Fick diffusion coefficient of the DOP in the solvents. Migration in the 
various solvents was found to follow an order of n-hexane>MeOH>t-butyl 
alcohol>isopropyl alcohol>EtOH. Another study performed a hexane extraction at room 
temperature enhanced with ultrasound was studied and although it reached only about 
70% extraction, it was considered a successful process because the PVC resin was left 
unaffected [24]. 
 
Another approach to solvent extraction is to completely dissolve the FPVC complex. 
The PVC resin can be precipitated as a pure compound by, most often, methanol 
addition. This leaves only the plasticizers in the solvent phase. This procedure offers a 




high separation rate of 99% in most cases. Common practice for this procedure suggests 
using 1 ml of THF per 10 mg of solid PVC sample [24]. Solvent mixtures such as 
cyclohexane with N,N-dimethylformamide (DMF) have been used, and very high 
efficiency was reported when using a mixture of CCl4 (58 vol%), DMF (8 vol%) and 
MeOH (34 vol%). The benefit of this formulation is that it can also separate high MW 
plasticizers (between 400 and 800) which traditional methods fail to complete 
segregate1. Regarding this type of processing, perhaps the most known is the 
Vinyloop® process, which is used commercially on a large scale (10,000 ton/year) in 
several plants in Europe [29]. This process uses a solvent mainly composed of 
methyl-ethyl-ketone (MEK) to dissolve PVC in about 15 min, and then uses vapor to 
remove the solvent and precipitate the PVC resin, which is later used as feedstock for 
mechanical recycling [30]. 
 
When choosing a solvent for any of these methods, several factors must be considered 
such as the compatibility between the solvent and the plasticizer, the compatibility 
between solvent and resin, and polarity of the solvent. Regarding solvent compatibility, 
the most commonly referenced value is the Hildebrand solubility parameter. The Δδ 
solubility parameter can serve as a measure of compatibility between the solvent and 
PVC resin, and it takes into account other terms such as dispersion, polarity, and 
association bonds (i.e. dipoles) [31,32]. Table 1.2 shows compatibility between PVC 
and various diols. Results show that the degree of dechlorination in the process was 
proportional to Δδ, which means that higher compatibility equals better penetration and 
thus more reaction can occur, and such a relation is expected to be applicable to 
extraction as well. Other studies point how to calculate complex parameters of 




compatibility between plasticizers and solvents that take into consideration various 
aspects like polarity, the dielectric constant, solubility, and Flory-Huggins interaction 
parameter [33]. Table 1.3 shows the results of the calculation of such values using the 
UNIFAC (universal functional group activity coefficient) method. The calculations were 
made for over a dozen plasticizers, and it was calculated that the most compatible ones 
are DBP (dibutyl phthalate)>DOP>DINP [28]. Ideally, a good solvent will have a close 
compatibility with the plasticizer and PVC resin since solvents that display high level of 
compatibility have a higher penetration into the PVC and can serve as better media for 
the extraction of plasticizer.  
 











PVC 18.82 10.03 3.07 21.54 -- 
TEG 16 12.5 18.6 27.4 -5.86 
DEG 16.2 14.7 20.5 29.9 -8.36 
EG 17 11 26 32.9 -11.36 
δ=(δd2+δp2+δh2)1/2; δ is the solubility parameter. 
δd dispersive term, δp polar term, δh association bonds term. 
Δδ=δPVC-δsolvent; a smaller value means higher compatibility. 
 
 










χ Flory-Huggins interaction parameter; φ Volume fraction of components. 
DBP: Dibutyl phthalate; DOP: Dioctyl phthalate; DINP: Diisononyl phthalate. 
Rval: Coefficient of determination. 
 
1.3.2.2.2. Plasticizer segregation through hydrolysis 
Solvent extraction is perhaps the most adequate method for recycling as it can recover 
the plasticizer without decomposition. On the other hand, hydrolysis results in the 




decomposition of the plasticizer. When subjected to a strong alkaline environment with 
nucleophiles or bases like NaOH, KOH or ammonia, phthalic esters react to produce 
phthalic acid and an alcohol which could be recovered and used as feedstock for 
chemical recycling [34]. Studies have used aqueous NaOH solution as a means to 
hydrolyze and separate DOP or DINP from the PVC formulation. By using 5 M NaOH 
solution at 100 °C, a temperature at which dechlorination of PVC is negligible, a 
complete separation of DOP was achieved with almost no dechlorination [35]. Other 
studies have used a NaOH in ethylene glycol (EG) solution as a medium to perform wet 
process dechlorination of PVC resin and flexible PVC containing DINP at temperatures 
close to the boiling point of EG (196 °C) under atmospheric pressure [36]. This 
temperature range in the vicinity of 200 °C is often observed as the turning point 
starting at which dechlorination of PVC begins to occur in an appreciable amount. The 
resulting products were sodium phthalate and isononyl alcohol in solution, similar to the 
scheme shown in Figure 1.5. 
 
 
Figure 1.5 Scheme of the hydrolysis of a phthalate ester in a sodium hydroxide 
(NaOH) in ethylene glycol (EG) solution. 
Depending on the temperature at which the treatment is carried out, dechlorination can 
either be avoided or promoted. For instance, through the use of microwave heating, a 
faster and more controlled temperature allowes a selective processing permitting either 




only plasticizer hydrolysis/separation, or simultaneous hydrolysis and PVC 
dehydrochlorination [28]. When a flexible PVC sample in a 8 M NaOH/EG solution 
system was subjected to temperature below 130 °C, it was reported that mainly 
hydrolysis of DOP occurred; while at temperatures above 130 °C dechlorination also 
took place. At 130 °C, complete separation of DOP was achieved without dechlorination 
in 30 min. On the other hand, when heated to 235 °C near complete dechlorination is 
achieved in 30 minutes. 
 
The processes presented above are promising alternatives for implementation in larger 
scale plastic waste processing facilities. Nonetheless, no technology is without its 
limitations, and improvements in the processing of flexible PVC formulations and reuse 
of the separated plasticizer are yet to be widely implemented as viable industrial scale 
processes. 
 
1.3.3. High-impact polystyrene 
Polystyrene (PS) is one of the most abundantly produced polymer resins, amounting to a 
yearly global production of over 15 million tons [2]. Although polystyrene is used for a 
wide range of applications because of its hardness and workability, it is brittle. To counter 
this limitation, polystyrene is often blended with elastic materials such as polybutadiene 
rubber to improve its properties. The addition of polybutadiene is done during the 
polymerization of PS resulting in a block-copolymer known as high-impact polystyrene 
(HIPS) (Figure 1.6). 





Figure 1.6 Chemical structures of a) polystyrene (PS) and b) polybutadiene 
(PBD), components of the high-impact polystyrene (HIPS) block-copolymer. 
 
The addition of physical resistance to the list of properties of PS makes HIPS one of the 
most used plastics for high-performance applications. In fact, over 40 wt% of PS resin 
produced is destined for the manufacture of HIPS. Similarly to PS, HIPS also has a very 
wide array of applications along many industries. However, it is used primarily for 
electric and electronic equipment (EEE) such as home appliances, televisions, computer, 
among many others. For this reason, when considering HIPS waste, it is indispensable 
to take waste electric and electronic equipment (WEEE) into consideration. 
 
The production of EEE is currently one of the fastest growing areas of the 
manufacturing industry. Rapidly advancing technology together with increasingly short 
product life cycles have led to the disposal of huge volumes of relatively new electronic 
goods. Polymers represent approximately 16 wt% of WEEE and include approximately 
23 different types of engineering polymers, the most important being 
acrylonitrile-butadiene-styrene copolymer (ABS), polypropylene (PP), and HIPS, 
among other styrene copolymers [37,38]. Recycling of electrical home appliances has 
become enforced and designated by law by many governments that have recognized the 
need to reutilize materials and reduce the environmental impact of waste disposal. The 
main drawback that obstructs material recovery from WEEE containing plastics is the 
a) b)




wide variety of polymers that are being used, as well as a broad variety of additives 
such as flame retardants. 
 
Many home appliances require the use of flame retardant added plastics for the sake of 
safety. Flame retardants are additives that act by reducing the speed at which a material 
burns, granting fire-preventing faculties that provide safety. There are many varieties of 
flame retardants, but the four major types are brominated, chlorinated, phosphorylated, 
and inorganic flame retardants. Among these, brominated flame retardants are often the 
most low-priced while at the same time having excellent properties, making them the 
most used type. 
 
1.3.4. Brominated flame retardants 
Bromine is chosen for flame retardants for HIPS because of the high thermal stability of 
bromides compared with that of other halides. This thermal stability allows for the 
thermal processing of the polymeric mixes without decomposition. Additionally, 
brominated flame retardants act in a similar temperature range as HIPS combusts to 
generate combustible gases, making the effect of brominated flame retardants available 
when it is most required. The mechanism through which brominated flame retardants 
decrease the flammability of a polymeric materials mixture is through the release of 
bromine radicals [39]. The available bromide radicals react with the oxygen, hydrogen, 
and hydroxide radicals formed by combustion, producing non-combustible gases such 
as hydrogen bromide instead (Equation 1.1). This hinders the gas-phase radical 
mechanism of combustion, eventually stopping the combustion reaction completely. 
 








Halogenated flame retardants are often used in combination antimony trioxide (Sb2O3) 
because of a synergetic effect that improves the effect of the flame retardant [36]. 
Antimony halides are very volatile, making them effective delivery compounds for 
halogen radicals to reach the combustion radicals. Additionally, antimony halides inhibit 









The annual production of brominated flame retardants is around 200,000 tons [40]. 
Major compounds include tetrabromobisphenol-A (TBBP-A), decabromodiphenyl oxide 
(DBDPO), as well as decabromodiphenyl ethane (DBDPE), which are widely used for 
TV and printer casings, among other uses (Figure 1.7).  





Figure 1.7 Chemical structures of common brominated flame retardants a) 
decabromodiphenyl ethane (DBDPE), b) decabromodiphenyl oxide, and     
c) tetrabromobisphenol-A. 
 
However, when these compounds are subjected to heating, they form hydrobromic acid 
as well as other brominated organic compounds which make them difficult to be 
subjected to recycling or disposal through incineration. 
 
1.3.4.1. Environmental and public health concerns regarding brominated flame retardants 
When disposed of in landfills, the brominated flame retardants blended into plastics like 
HIPS can leach into the environment and spread through their migration or dissolution 
into underground waters. Chemical recycling of such plastics is frequently used for the 
recovery of monomers and fuel and it is likely that extremely toxic brominated 
dibenzodioxins and dibenzofurans are produced under pyrolytic conditions [41,42], 
which requires careful temperature control during treatment [43]. Even if the formation 
of these toxic compounds is avoided, investigations have shown that these flame 
retardants find their way back into our lives as contaminants in recycled plastics [44, 




45]. It has been found that more than 90% of the bromine remains in the product oil 
after the pyrolysis of flame retarded HIPS in a fluidized bed between 450 and 550 ºC 
[46,47]. Even with advanced technologies for the transformation of HIPS containing 
flame retardants such as the use of catalysts and adsorbents in pyrolysis it was found 
that the bromine was still present in liquid, solid, and gaseous products [48]. These 
results show the possibility of using thermal treatment for the material transformation 
and recovery of HIPS waste materials. However, the formation of hazardous materials 
derived from the brominated flame retardants is not prevented in these methods. It is 
possible to reduce the bromine content of product oil from the pyrolysis of HIPS by an 
initial degradation step around 300 ºC, concentrating hazardous brominated products in 
a separated fraction [49]. There has been much research on the decomposition and 
recycling of flame-retarded plastics by several processes [50,51]. 
 
In this research, decabromodiphenyl ethane (DBDPE) is taken as an exemplary flame 
retardant as it is one of the most widely used in the industry. To be able to respond to the 
production of waste plastics containing brominated flame retardants such as DBDPE, it 
is of outmost importance to research on effective methods for its debromination 
pretreatment.  




1.4. Dehalogenation processes for halogen-containing polymers 
1.4.1. Dehydrochlorination 
Thermal degradation of PVC proceeds as a three-step reaction in temperature ranges 
from around 200 to 250 °C, 250 to 350 °C, and above 350 °C (Figure 1.8). 
 
 
Figure 1.8 a) Typical TGA showing poly(vinyl chloride) thermal degradation 




The first stage corresponds mainly to dehydrochlorination resulting in the production of 















































dehydrochlorination happens along with the formation of carbon dioxide through 
decarboxylation. On the third step, further organic compounds as ciclohexadyene and 
benzene, along with more small aromatic compounds were found in gas and condensed 
phase. It is suspected that complex reactions, including Diels-Alder reactions take place 
to form such compounds. If sufficient time for total decomposition in this temperature 
range is allowed no solid residue is left. In short, the PVC undergoes 
dehydrochlorination to form polyenes, followed by polyene decomposition to low 
weight compounds, CO2 and aromatics, and finally total polyene decomposition to a 
large amount of low molecular weight hydrocarbons. 
 
In the case where the chlorine is lost through hydrochloric acid formation, it is more 
precisely called “dehydrochlorination”. On the other hand, when chlorine is lost in other 
forms, it is simply called “dechlorination”. Although dechlorination is essentially a 
thermal degradation phenomenon, it can be categorized into two general categories 
according to the medium in which it occurs. This distinction can be possible because the 
dechlorination mechanism changes depending on the reaction medium, which results in 
distinct products and reaction rates. The first category, thermal dehydrochlorination, is 
also referred to as “dry treatment”. The second category, in which dechlorination occurs 
in a solution medium, is referred to as “wet treatment”. 
 
1.4.1.1. Thermal dehydrochlorination 
Dehydrochlorination of PVC is a seemingly simple reaction from which only HCl and 
polyene structures are expected, yet it is often accompanied by a number of other more 
complex degradation products. It is widely accepted that dehydrochlorination follows 




either a ionic or a quasi-ionic mechanism [49,53] (Figure 1.9).  
 
 
Figure 1.9 (a) Ionic and (b) quasi-ionic mechanisms of dehydrochlorination of 
poly(vinyl chloride) (PVC). 
 
Dehydrochlorination initiates at labile sites like alkene moieties such as internal 
chloroallylic structures and at tertiary carbon chlorides to a lesser extent [50] (Figure 
1.10). Such labile sites decrease the thermal stability of the PVC chain and might be 
present in the polymer as irregularities formed during processing (Figure 1.11) or can be 
caused by side reactions to dehydrochlorination.  
 
 
Figure 1.10 Alkene moieties that are common labile sites for initiation; (a) 










Figure 1.11 Exemplary reaction of formation of (a) a tertiary carbon radical and 
(b) tertiary carbon chlorine (shown by dotted box) during polymerization of 
poly(vinyl chloride) (PVC). 
 
As thermal stimulation causes the release of HCl by abstraction of hydrogen by the 
allylic chlorine a double bond is formed. This results in a new internal chloroallylic 
structure that will in turn undergo dehydrochlorination in the same manner. The 
succession of such reactions results in lengths of conjugated double bonds and is 
referred to as polyene growth (Figure 1.12).  
 
 
Figure 1.12 Growth of a polyene chain through dehydrochlorination initiated at 
an internal chloroallyl labile site (shown by doted box). 
a)
b)




It is a well-known phenomenon that the dehydrochlorination of PVC is self-catalyzed 
by the HCl released. In accordance to the ionic mechanism of dehydrochlorination, HCl 
abstracts a chlorine to form a [HCl2]
-
 species and a carbocation. As a result, the vicinal 
hydrogen to the abstracted chlorine is released to form a second HCl molecule and a 
double bond is formed (Figure 1.13). 
 
 
Figure 1.13 Autocatalytic effect of hydrochloric acid on dehydrochlorination a) 
ionic and b) quasi-ionic mechanisms. 
 
Although the polyene growth that characterizes dehydrochlorination occurs through a 
ionic mechanism, free radicals are also indirectly involved in the dehydrochlorination of 
PVC, especially as generators of new labile sites [54,55]. Additionally, it is likely that 
these free radicals take place in the formation of degradation products and various 
polyene growth termination reactions. It has been suggested that the most important 
radical is an excited neutral diradical which is produced by the reaction between 
polyene and HCl (Figure 1.14). This diradical can undergo a series of reactions such as 
attacking the PVC to create a new internal chloroallyl structure and also result in the 
generation of a chlorine free radical (Figure 1.15). 
a)
b)





Figure 1.14 Reaction of a polyene –CH2(CH=CH)nCHCl- with hydrochloric 
acid to form an excited neutral diradical in the case where n=2. 
 
 
Figure 1.15 Reaction of a polyene excited neutral diradical with poly(vinyl 
chloride) (PVC) to form a new chloroallyl labile site, a single polyene radical, 
and release a chlorine radical. 
 
As the extent of dehydrochlorination increases and consecutive polyene structures 
become sufficiently prominent, these structures undergo a series of terminating 
reactions like cyclization and crosslinking locking remaining chloride within stable 
structures [49,50]. Therefore, these isolated chloride atoms are hard to remove, making 
complete chlorine removal through thermal decomposition difficult. Nonetheless, the 
efficiency of dry processing has been improved by microwave heating [56] and 
mechanical processing with CaO [57], among other methods. 
 




1.4.1.2. Dechlorination in solution 
Dechlorination can also occur in solution, either in a solid-liquid interface 
(heterogeneous reaction) or entirely in the liquid phase (homogeneous reaction). 
Solvents compatible with PVC such as tetrahydrofuran (THF), dimethyl sulfoxide [58, 
59], and ethylene glycol [60], among many others, are used in combination with strong 
nucleophile agents like inorganic hydroxides or ammonia [ 61 ]. In these cases, 
dechlorination occurs through an ionic mechanism [62,63]:  
 
 
Figure 1.16 Ionic dechlorination mechanisms a) E2 elimination and         
b) SN2 substitution. 
 
E2 elimination (Figure 1.16 a) generates polyene structures from conjugated double 
bonds, while SN2 substitution (Figure 1.16 b) allows chloride to be replaced by other 
functional groups such hydroxide [64,65] which allows upgrade recycling through 
chemical modification [66]. For instance, chloride has been partially replaced by 
thiocyanate to produce a PVC variant which has antibacterial properties [ 67 ]. 
Dechlorination in solution can achieve higher dechlorination ratios than dry processing 
and proceed under milder conditions and can also be effectively applied to actual waste 
a)
b)




treatment [ 68 ]. In general, the quality of the residue obtained from solution 
dechlorination treatment is usually higher compared to that of dry thermal 
dehydrochlorination, and product distribution is more simple and predictable too. 
 
Although dechlorination in solution can offer the aforementioned options and benefits, 
the use of solvents can be an impractical option of pretreatment because the precipitate 
segregation requires extensive post-treatment to recover the solid sample [ 69 ]. 
Additionally, most proposed methods require high temperature and pressure, resulting in 
high equipment and operational costs overall. Some systems such as the combination of 
NaOH with ethylene glycol address this limitation. This combination in particular 
allows for successful operation at atmospheric pressure, as the higher boiling point of 
ethylene glycol allows for a higher treatment temperature than would be available in 
aqueous solution [70]. 
 
1.4.2. Debromination processes 
Debromination mechanisms often take place in solution following similar mechanisms 
of ionic substitution and elimination in a similar way to dechlorination as described 
above. However, unlike PVC dechlorination, debromination is often investigated 
individually for large numbers of brominated substances that serve as additives like 
flame retardants. A common approach to investigated debromination of different flame 
retardants has been using a variety of solvents at both critical and subcritical conditions 
[71]. For example, the alkaline reforming of brominated flame-retardant plastics in 
various supercritical fluids was reported to result in debromination efficiencies of more 
than 95 % [72,73]. Additionally, metal metallic catalysts have been widely investigated 




[74,75 ]. An effective example of this is the reported extraction of tetrabromo- 
bisphenol-A (TBBPA) from ABS with methanol and debrominated the flame retardant 
in the presence of metallic copper [76].  




1.5. Objectives of this research 
Even though there are various techniques available to treat halogenated polymers (for 
instance, various methods of dechlorination), the obtained products are seldom reused 
efficiently besides as a reducing agents in blast furnaces. For this reason, and following 
the intention to secure material recirculation and dangerous emission control, more 
applicable recycling technologies must be developed.  
 
The research presented on this thesis has three major objectives which it aspires to 
fulfill. The first objective is to expand the base knowledge regarding the effects of 
atmospheric pressure steam-treatment on the thermal treatment of PVC materials. The 
second objective is to apply known dehalogenation methods to new material to create a 
novel process. The third objective to provide data that contributes to the development of 
lower-cost and accessible local treatment methods for halogen-containing polymeric 
waste. All three objectives aim towards a common goal, which is to allow for a greater 
portion of wastes to be recycled or be disposed of adequately, thus decreasing the 
burden that this waste constitutes to the environment and human societies. 
 
An approach to achieve this goal is to design processes that can be applied to specific 
waste streams. Some waste streams require specific treatment, as is the case of medical 
use FPVC equipment which besides the treatments needed for its recycling it must also 
undergo mandatory sterilization. Current methods require the use of equipment such as 
high pressure autoclaves which are potential obstacles to the actual larger scale 
implementation of the process. For this reason, a process performed under atmospheric 
pressure conditions is desirable. Moreover, if it’s possible to combine both sterilization 




and dechlorination treatments into a single process, there would be a higher probability 
for the technology to be applied as a large scale waste management method. 
 
Another approach is to test already successful techniques proven to work with certain 
wastes with different waste materials. This way, the applicability of existing methods 
can be expanded and adapted to accept a broader variety of wastes to be treated. In the 
case of dehalogenation treatments for halogen-containing polymers, a vast amount of 
research and development has been seen in dehydrochlorination of PVC materials. If 
some of the techniques proven effective for PVC are tested in other halogenated 
materials such as brominated flame retardant-containing HIPS, then new processes can 
be created. For example, the combination of alkaline solution of ethylene glycol and 
ball milling has been proved successful for the dechlorination and segregation of PVC. 
It is likely that it can also work with HIPS by adapting the processing conditions to the 
new material. The appeal of becoming able to treat various types of wastes in the same 
facilities, or being able to treat different types of halogenated wastes together can 
increase the interest for applying these methods for actual waste management.  




1.6. Structure of this thesis 
The chapter structure and flow of this thesis is graphically summarized in Figure 1.17. 
 
 
Figure 1.17 Graphical outline of the structure of this thesis. 
 
Chapter I introduces the background of the research and states the objectives of this 
thesis. Additionally, it introduces halogenated polymers and their additives as the focus 
materials, specialized terms, and processes which will serve as basis for the results and 
discussions presented in the following chapters.  
 
Chapters II and III are parallel as they both explore the steam-assisted thermal treatment 
of PVC materials using similar methods. However, while Chapter II focuses on the 
effects of steam and temperature on the degree and reaction kinetics of 
Chapter II
Steam-assisted 
dehydrochlorination of PVC 
materials
 Study steam as a way to improve 
dechlorination efficiency.
Chapter III
Interaction between plasticizer and 
PVC degradation products in the
steam-assisted thermal treatment
 Study plasticizer loss and degradation 
products formation in flexible PVC.
Chapter V
Ball mill-assisted debromination of flame retardant-containing HIPS in EG alkaline solution






 Introduction to polymers studied: plasticized PVC and flame retardant HIPS.
Introduction: Halogen-containing polymers waste
Chapter IV
Selective steam-assisted 
mechanical grinding of flexible PVC
 Study how steam aids selective FPVC grinding.
Ball milling
 Effect of increase of 
surface area.




dehydrochlorination, Chapter III focuses on the effects of steam and temperature on the 
degradation of PVC and plasticizer.  
 
Chapter IV summarizes the results obtained from a joint-research effort with a private 
company that seeks to develop a new method for the sterilization and recycling 
pretreatment of medical use flexible PVC by combining steam thermal treatment with 
ball milling.  
 
Chapter V presents a novel process for the debromination of flame retarded HIPS which 
combines thermal treatment in alkaline solution with ball milling, based on a successful 
method previously used for the dechlorination of PVC. 
 
Chapter VI serves as a synthesis of the research shown in the previous chapters.  
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2. CHAPTER II: 
 
STEAM-ASSISTED DEHYDROCHLORINATION OF 
POLY(VINYL CHLORIDE) MATERIALS 
 
 
In this chapter, the effects of steam on the atmospheric pressure thermal treatment of 
PVC resin and FPVC are investigated. Section 2.1 introduces the steam-assisted thermal 
dehydrochlorination treatment along with the background for this process. Section 2.2 
explains the materials and experimental method. In section 2.3 the results regarding the 
weight reduction of the samples, dehydrochlorination behavior and effects of 
temperature and steam concentration, changes in physical appearance and bonding 
characteristics, and the kinetics of the steam-assisted dechlorination reaction are 
discussed. Results are summarized and conclusions are presented in section 2.4.  





2.1.1. Steam-assisted thermal dehydrochlorination treatment 
The dechlorination of PVC materials in steam atmosphere has been studied in the past. 
Previous experiments have been carried out in high pressure conditions inside an 
autoclave, with the sample and the water to be vaporized both present in the same batch 
throughout the reaction [1,2]. These experiments have shown the positive effects of the 
presence of steam upon the dechlorination of PVC materials. However, the effects of 
different amounts of steam in the gas flow have not been understood since in the inside 
of the reactor was always saturated with steam. Also, the isolated effects of steam and 
temperature alone are yet to be described. Moreover, the use of equipment such as 
autoclave and the high pressure conditions are potential obstacles to the actual larger 
scale implementation of the process. For this reason, a process performed under 
atmospheric pressure conditions is desirable. 
 
PVC steam dehydrochlorination has been studied as an intermediate alternative to both 
dry and wet processing, and has shown positive results when completed under high 
pressure in autoclaves. However, because of the increased cost of large-scale 
pressurized operations, a treatment that proceeds under atmospheric pressure is 
desirable. Some researchers have found no effect of steam on PVC dehydrochlorination 
using TGA under non-isothermal conditions, but the experimental conditions studied 
were limited to a very low concentration of steam of around 9 vol% and carried out at 
high temperatures above 1000 K [3]. 
 
 




2.1.2. Objectives and outline of this chapter 
In this study, both PVC resin and flexible PVC were tested for steam-assisted thermal 
dehydrochlorination behavior in isothermal mode for an expanded reaction time up to 3 
h and under a wider range of steam concentrations. The results are compared with dry 
thermal treatment in terms of the effect on the dehydrochlorination ratio, solid residue 
composition, and reaction kinetics. Assuming that steam can be applied as both an 
assistant to dehydrochlorination and as a sterilizing agent, and considering that about a 
third of all medical plastic waste is composed of PVC [4] and must undergo both 
dehydrochlorination pretreatment and mandatory sterilization, this treatment can be 
useful in developing an efficient method for the management of hazardous waste 
streams. 
  





2.2.1. Materials and reagents 
Pure PVC resin with a polymerization degree of 1000±40 and a chlorine content of 57 
wt% was acquired from Kanto Chemical (Japan). Flexible PVC samples were prepared 
from high-grade PVC medical tubing and bags that were ground and sieved to obtain a 
particle size of less than 250 µm, a comparable value to that of the purchased resin. The 
chlorine content in the flexible PVC samples was approximately 28 wt%. Meanwhile, 
the content of the extractable matter, which was composed mainly of the plasticizer 
diisononyl phthalate but also included small amounts of wax and other additives, was 
approximately 50 wt%. The amount of extractable matter was determined by Soxhlet 
extraction, using diethyl ether at a concentration of 30 ml g
-1
, an extraction time of 24 h, 
and an accompanying flush cycle of approximately 5 min. The plasticizer was identified 
by high-pressure liquid chromatography and gas chromatography-mass spectrometry. 
The ash content suggested either the presence of mineral or metal stabilizers or other 
impurities in small quantities. The sample composition is summarized in Table 2.1 and 
Table 2.2. The water that was used as steam in this experiment was deionized (Advantec 
RFD240HA). 
 
Table 2.1 Elemental composition of samples [%]. 
 C H Cl O Ash 
PVC resin 38.46 4.82 56.7 <0.01 <0.01 
Flexible PVC 56.54 6.93 28.4 7.84 0.29 
 
 




Table 2.2 Elemental composition of flexible poly(vinyl chloride) (FPVC) samples [%]. 
PVC resin 49.12 
Extractable matter 50.58 
Ash 0.29 
 
2.2.2. Experimental method 
The experimental apparatus used for dehydrochlorination consisted of a steam generator 
and a gas mixer preheated by ribbon heaters, a 30 cm long horizontal Pyrex glass tube 
reactor, and several traps and filters to separate the products (Figure 2.1). The steam 
generator was made from a water reservoir and a furnace, and operated at a defined 
volatilization rate.  
 
Approximately 0.5 g of the sample were put on a ceramic boat sample holder and placed 
inside the tube reactor. The reactor furnace and ribbon heaters were set to reaction 
temperatures of 170, 190, 210, 230, or 250 ºC, according to the required experimental 
conditions. The internal temperature of the reactor could not be measured real time, but 
it was confirmed that the difference between the temperature reported by the furnace 
temperature controller and the temperature inside the quarts tube reactor was ±2ºC. 
Nitrogen was used as the inert carrier gas; the amount was adjusted with respect to 
steam production to give a constant total gas flow of 200 ml min
-1
. Four concentrations 
of steam were tested, specifically 0, 25, 50, and 75 vol% of the total gas flow (N2 carrier 
gas flow plus steam flow). The temperature in the vaporizer furnace was chosen 
according to the amount of steam required as determined by the calibration data shown 
in Table 2.3 calculated from the average increase of water volume in the ice water traps 
after 60 min of calibration runs without samples. 




Table 2.3 Steam flow rate as a function of vaporizer furnace set temperature. 
Furnace temperature [ºC] 100 105 110 115 120 125 130 135 140 145 150 
Steam flow [ml min-1] 28 49 71 92 113 134 156 177 198 219 241 
 
As the reaction progressed, released HCl was captured from the gas stream by two ice 
water traps each containing 15 ml of deionized water. Another trap filled with 0.5 M 
NaOH aqueous solution followed these to fully prevent any dangerous gas emissions; 
however, no chloride was found in the NaOH trap at the end of any of the experiments. 
The remaining gases were then passed through an activated carbon filter and released 
into the environment. 
 
All experiments were run for 60 min, with the starting time defined as the moment 
when the reactor reached the desired temperature. After the reaction was complete, the 
reactor was allowed to cool under constant nitrogen flow before the sample was 
removed. The aqueous solutions inside the water traps and the solid sample residue 
were retrieved for analysis. 
 
 
Figure 2.1 Experimental apparatus for the steam-assisted thermal treatment 
under atmospheric pressure. 





Ion chromatography was carried out using a Dionex DX-100 ion chromatograph 
equipped with an IonPac AG16/AS16 column set; 35 mM aqueous NaOH was selected 
as the mobile phase. 
 
The structure and appearance of the dehydrochlorinated solid residue were examined by 
Fourier transform infrared spectroscopy (FT-IR) and scanning electron microscopy 
(SEM). A Bio-Rad single beam Win IR-165 apparatus was used for FT-IR, while a 
Topcon ABT-32 electron microscope with an accelerating voltage of 15 kV was used for 
SEM. Samples were coated with platinum prior to analysis. 
 
2.2.4. Definition of terms 
Dehydrochlorination ratio XCl was defined as the percentage of the fraction of chlorine 
originally present in a sample as determined by elemental analysis and the chlorine 
found in the water traps after the reaction, as determined by ion chromatography: 
 
    
          
 
                
                  (Equation 2.1) 
  




2.3. Results and discussion 
2.3.1. Weight reduction of samples 
Weight reduction in PVC resin during thermal treatment results almost exclusively from 
HCl release during dehydrochlorination. However, the observed weight reduction in 
flexible PVC samples under the same conditions can partly be accounted for by the loss 
of plasticizer. 
 
The loss of the DINP plasticizer in the flexible sample proceeds likely through both 
evaporation and hydrolytic decomposition. This evaporation has been previously 
observed for temperatures as low as 150 ºC, even though the vapor pressure of DINP is 
only 60 Pa at 200 °C [5]. Meanwhile, hydrolysis has been observed at temperatures 
above 120 ºC [6]; in this case, it could be catalyzed by evolved HCl (Figure 2.2). 
 
 
Figure 2.2 Acid-catalyzed hydrolysis of DINP into phthalic acid and isononyl alcohol. 
 
As expected, weight loss increased with time and temperature (Figure 2.3). The PVC 
resin only underwent significant weight loss at temperatures higher than 210 ºC, the 
point at which dehydrochlorination begins. However, the flexible PVC samples began 
losing weight at lower temperatures, again indicative of DINP reactions. Weight 
reduction due to plasticizer loss was about 3 and 6 wt% for the 170 and 190 ºC flexible 
samples, respectively. However, steam concentration had no significant influence on 




plasticizer weight loss, implying that volatilization was the primary mechanism. 
Meanwhile, dehydrochlorination increased with steam concentration from 210 ºC. 
 
 
Figure 2.3 Weight loss of the flexible PVC samples at all tested temperatures 
and steam concentrations. 
 
Figure 2.4 shows the time dependence of the weight loss of a flexible PVC sample 
tested at 250 °C and at a steam concentration of 50 vol%. In this case, plasticizer 
evaporation began immediately and was nearly complete after just 3 h. Likewise, 
dehydrochlorination proceeded for about 3 h before leveling off at 97 %, equivalent to a 
27.5 wt% weight loss for the sample; together, these pathways account for a total of 
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Figure 2.4 Weight loss of the flexible PVC sample treated at 250 ºC in a 50 vol% 
steam atmosphere as a function of time. 
 
2.3.2. Dehydrochlorination behavior of samples 
2.3.2.1. Effect of steam concentration on dehydrochlorination ratio 
Reaction data for the PVC resin (Figure 2.5 a) show that steam improved the 
dehydrochlorination ratios at all temperatures, reaching a maximum of 76 % after 1 h 
reaction time at 250 °C and at a steam concentration of 50 vol%, compared with 61 % 
achieved under nitrogen. The dehydrochlorination ratio reached its maximum at 50 
vol% steam and increased by 20 % at 230 ºC and by more than 15 % at 250 °C. While 
steam increasingly accelerated the reaction up to a steam concentration of 50 vol%, 
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Figure 2.5 Dehydrochlorination ratios as a function of temperature and steam 
concentration for a) PVC resin and b) flexible PVC. 
 
Flexible PVC also gave higher dehydrochlorination ratios when steam was present, even 
though the effect was lower than observed for the resin (Figure 2.5 b). A 25 vol% steam 
concentration gave the highest dehydrochlorination ratios for the 210 and 230 ºC trials, 
while increasing steam concentration proved to be more beneficial at 250 ºC. Overall, 
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showed only a modest increase from 16 to 18 %, respectively. The unusual decrease in 
activity for the resin at steam concentrations higher than 50 % could be the result of fast 
superficial polyene formation; this layer might in turn elicit a shielding effect, obstructing 
further dehydrochlorination. This effect has previously been reported for PVC 
dehydrochlorination with diols [7]. Note that the polyene shielding effect was not 
observed for flexible PVC dehydrochlorination, which may be due to increasing porosity 
as a result of plasticizer volatilization, opening the structure to steam penetration as the 
reaction progressed. In addition, the stabilizer may have inhibited rapid 
dehydrochlorination at the reaction onset, allowing steam to penetrate the sample later on. 
 
2.3.2.2. Effect of temperature and reaction time on dehydrochlorination ratio 
Dehydrochlorination ratios for both the PVC resin and flexible PVC samples treated at 
230 ºC in a 50 vol% steam atmosphere is plotted in Figure 2.6 to demonstrate the time 
dependence of the reaction. 
 
 
Figure 2.6 Time dependence of poly(vinyl chloride) (PVC) dehydrochlorination 
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The resin reaction progress was very slow for the first 15 min, though the rate increased 
rapidly for the interval between 15 and 60 min; during this time, dehydrochlorination 
progressed from about 3.5 to over 73 %. The reaction proceeded only minimally after that 
point, increasing just 10% in the next 120 min. The observed incubation time was likely 
caused by limited steam diffusion, while the rapid increase that followed is likely the 
result of the auto-catalytic effect of HCl [8,9] reacting with the formed polyene structures 
as shown in Figure 1.13Figure 1.14. Meanwhile, rapid polymer carbonization was almost 
certainly responsible for the termination of the reaction, preventing further steam and HCl 
diffusion. As dehydrochlorination and the growth of polyene structures proceeded, 
termination reactions including cyclization and cross-linking took place [10,11]. Through 
these reactions, chlorine remaining in the polymer backbone was locked within thermally 
stable structures such as aromatic rings, preventing complete dehydrochlorination. 
 
The flexible PVC samples showed similar behavior between the first 15 and 60 min, 
resulting in 67.5 % dehydrochlorination. However, they did not show any delay in the 
initial stage; furthermore, the reaction progressed considerably after the first 60 min, 
yielding 97 % dehydrochlorination after 180 min. Again, the pores generated by HCl and 
plasticizer volatilization likely allowed for rapid penetration, while at the same time, the 
stabilizers slowed the reaction, preventing the formation of an inhibiting layer. 
 
2.3.3. Appearance of treated samples 
Photographs and SEM images of the PVC resin and flexible samples that had been 
treated for 60 min in a 50 vol% steam atmosphere at different temperatures are shown in 
Figure 2.7. 





Figure 2.7 Photographs and SEM images of dehydrochlorinated PVC a) resin 
and b) flexible samples after 60 min of treatment at a steam concentration of  
50 vol%. Values in parentheses indicate dehydrochlorination ratios. 
 
Table 2.4 Bulk specific gravities of poly(vinyl chloride) resin and flexible 
poly(vinyl chloride) after 60 min of treatment at a steam concentration of 50 vol%. 
 170 ºC 190 ºC 210 ºC 230 ºC 250 ºC 
PVC resin 0.51 0.55 0.42 0.35 0.35 
Flexible PVC 0.73 0.87 0.45 0.30 0.28 
 
A color transition from white to orange, red, brown, and finally black can be observed 
for both sets of samples, evidence of the formation of a polyene structure due to the 
absorption shift that accompanies increasing numbers of conjugated double bonds. It 
has been estimated that sequences of about 15 conjugated double bonds on average 
result in the complete absorption of the visible spectrum [7]. This color change occurred 
early in the reaction, suggesting that such conjugated double bond structures are formed 
even at low dehydrochlorination ratios.  
 
Fresh sample  170 ºC 190 ºC     210 ºC   230 ºC 250 ºC
PVC resin (1.0%)     (1.6%)    (9.6%) (73.4%)    (76.4%)
5mm 5mm 5mm 5mm 5mm 5mm
Fresh sample 170 ºC   190 ºC  210 ºC   230 ºC    250 ºC
Flexible PVC  (0.01%)   (0.03%)   (2.3%)    (23.6%)   (67.7%)
5mm 5mm 5mm 5mm 5mm 5mm
a)
b)




The SEM images of the PVC resin in Figure 2.7 a) show that the structures of the 
particles for the less complete conversions observed at 170 and 190 ºC were very similar 
to that of the untreated PVC. The increase in dehydrochlorination at 190 and 210 ºC is 
accompanied by a drastic change in appearance, with partial melting and agglomeration. 
Finally, increasing the temperature further to 230 and 250 ºC results in large holes and 
bubbles covering the surface of the residue as a result of HCl liberation. The residue also 
increased in size and became increasingly brittle as the extent of the reaction increased.  
 
Meanwhile, the SEM images in Figure 2.7 b) show that flexible PVC dehydrochlorination 
did not proceed significantly at temperatures up to 190 ºC, as evidenced by simple 
melting and agglomeration. From 210 ºC onward, bubbles grew increasingly in size, 
resulting from the release of HCl and other volatile compounds [12]. As Table 2.4 
illustrates, the appearance of pores in the sample was accordingly accompanied with 
changes in bulk density. 
 
2.3.4. Changes in bonding characteristics of samples 
Figure 2.9 show the FT-IR spectra of the PVC resin and flexible PVC samples at 
various temperatures and steam concentrations.  
 






Figure 2.8 FT-IR spectra of fresh and dehydrochlorinated a) PVC resin and b) 
flexible PVC samples after treatment for 60 min at a steam concentration of 50 
vol% at various temperatures. 









































Figure 2.9 FT-IR spectra of dehydrochlorinated c) PVC resin and d) flexible 
PVC after treatment at 250 °C for 60 min at different steam concentrations. 
 
The most notable peaks observed for the fresh PVC resin were the symmetric C-H 
stretch at 2906 cm
-1
 and the C-Cl peak at 670 cm
-1
. As temperature increased, the C-Cl 
peak decreased in intensity, indicating the progressive loss of chloride due to 







































substitution of chlorine became more prominent; for example, C=C and C=C-H 
stretching vibrations appeared at about 1580 and 3022 cm
-1
, indicating the formation of 
polyene and aromatic structures. The increasing intensity of the broad peak between 
3100 and 3700 cm
-1
 as temperature and steam concentration increased is due to an 
increasing presence of hydroxyl groups. During the dehydrochlorination of PVC in 
NaOH/ethylene glycol [13], the appearance of OH vibrations were attributed to the 
nucleophilic substitution of chlorine by hydroxyl groups according to the SN2 
mechanism. Since steam is a much weaker nucleophile than hydroxide, it can be 
assumed that substitution occurred by an SN1 mechanism. In accordance with the 
dehydrochlorination depicted by Starnes [14] (equation 22), water reacts with a 
carbocation (Figure 2.10). It is noteworthy that both elimination and substitution result 
in the formation of HCl. However, only during elimination HCl is removed from PVC, 
while during substitution the origin of the proton was water. As such, both reactions can 
be considered as dechlorination, yet only the elimination reaction can be referred to as 
dehydrochlorination. However, OH vibrations appeared weaker for steam 




Figure 2.10 Reaction mechanism for SN1 substitution and ionic elimination. 
 




In addition to the C-H and C-Cl peaks observed in the PVC resin, the untreated flexible 
PVC also displayed C=O carbonyl vibrations at 1718 cm
-1
, corresponding to the DINP 
ester group. As with the PVC resin, the C-Cl peak decreased in intensity with increasing 
temperature, while the C=C peak at 1580 cm
-1
 increased in intensity, showing the 
formation of a polyene structure. The broad O-H peak at around 3400 cm
-1
 also became 
more prominent with temperature. Unlike the PVC resin, the flexible PVC samples 
showed a considerable increase in OH peak intensity for a steam concentration of 75 
vol%, indicating steam penetration under these conditions. In addition, the C=O 
vibration of the plasticizer began to decrease in intensity at 230 °C and dropped 
considerably at 250 ºC. Both these factors are evidence that the increasing content of 
hydroxyl groups in the treated flexible PVC samples comes from the DINP plasticizer 
as it volatized or hydrolyzed (see Figure 2.2) and partially reacted into the polymer. 
 
2.3.5. Steam-assisted dehydrochlorination reaction kinetics study 
2.3.5.1. Experimental method 
Thermo-gravimetric analysis (TGA) was performed on the PVC resin to study 
dehydrochlorination reaction kinetics. Experiments were conducted under both an inert 
He atmosphere and a 50 vol% steam atmosphere; isothermal mode was used in all cases. 
A Seiko Instruments TG/DTA6200 that was modified to accommodate steam was used. 
Total gas flow was set to 200 ml min
-1
, while the experiment was allowed to continue 
for 60 min once the sample reached the appropriate temperature. Initial heating was 
completed under a He atmosphere for all samples, with a heating rate of 30 ºC min
-1
 up 
to 150 ºC. Steam was then introduced into the system for the appropriate samples, after 
which a rate of 5 ºC min
-1
 was used to reach the appropriate testing temperature. 




The results for the TGA analysis of both the thermal and steam-assisted reactions 
(Figure 2.11) are best described by a first-order reaction model: 
 
ktX  )1ln(                    (Equation 2.2) 
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Dry dehydrochlorination of PVC initially proceeds as a zero-order reaction. However, 
as the reaction progresses, an apparent first-order model was observed. Previous work 
has shown this to be the case in solvent as well as both steam and inert atmosphere and 
strongly indicated that the reaction initially only proceeds at the phase boundaries, 
moving to a first-order model after about 10% conversion. E2 and SN2 reactions 
occurring during wet processing are best modeled as second-order reactions; however, 
the constant steam concentration present during steam-assisted thermal treatment made 
PVC chlorine content the only variable, resulting in an apparent first-order reaction. 




Ak a lnln                    (Equation 2.3) 
where A is the pre-exponential factor, Ea is the apparent activation energy, R is the 
universal gas constant, and T is the absolute temperature. 
 
2.3.5.2. Results and discussion 
An apparent activation energy of 120 kJ mol
-1
 was calculated for both the 
steam-assisted and thermal reactions. This is consistent with previously reported values 
for dry methods in inert [15,16] and steam atmosphere [3], and wet dehydrochlorination 
methods using NaOH/ethylene glycol systems [12,17]. 
 
The similarity of the activation energies suggests that the reaction mechanism remained 





, 68 % higher than the value observed for the dry reaction (5.41×10
8 






). Therefore, the positive effect of steam on the reaction might be a physical effect; 
for example by allowing a more efficient heat and/or mass transfer. If the thermal 
conductivities are considered, it can be seen that He has a much higher thermal 
conductivity than steam (Table 2.5). This observation suggests that the physical effect of 
steam on the reaction is not increased heat transfer, but rather increase in mass transfer.  
 
Table 2.5 Thermal conductivities of various gaseous substances at 100 ºC.  
Air and HCl included for comparison. 
 Air He Steam HCl 
Thermal conductivity  
at 100 ºC [W m-1 K-1] 
0.024 0.138 0.016 0.139 
 
However, to confirm the nature of the physical effect of steam on the 
dehydrochlorination reaction a more suitable set of parameter would be the mass 
transfer and heat transfer Péclet numbers (Pe). The Pe number is defined as the ratio 
between the advective transport rate and the diffusive transport rate, as described in 
(Equation 2.4: 
 
                                                        
                        
                        
     (Equation 2.4) 
 
a)       
  
 
      b)     
  
 
      (Equation 2.5) 
 
As seen on (Equation 2.5 the Pe number for mass transfer (PeM) is proportional to the 
characteristic length (L) of the tube reactor and the local flow velocity (u), and inversely 
proportional to the mass diffusion coefficient (D) in the case of mass transfer ((Equation 




2.5 a), or the thermal diffusivity (α) in the case of the Pe number for heat transfer (PeH, 
(Equation 2.5 b). The Pe number can also be calculated in terms of the Reynolds 
number (Re), as the product of either the Schmidt number (Sc) or the Prandtl number 
(Pr) for mass and heat transfer, respectively. The Re, Sc, and Pr numbers can be 
calculated for each fluid according to the definitions presented on (Equation 2.6, 
where Q is the volumetric flow, Dh is the hydraulic diameter (equivalent to the internal 
diameter of the tube reactor in the case of a cylinder), υ is the kinematic viscosity, and A 
is the cross-sectional area of the tube reactor. 
 
a)       
   
  
 b)     
 
 
 c)    
 
 
 (Equation 2.6) 
 
The parameters where calculated for both He and steam at 100 ºC under the conditions 
at which the reaction took place. The parameters were also calculated for air at 100 ºC 
for the sake of comparison. Since the mass diffusivity (D) values could not be found for 
the required fluids and conditions, diffusion rates for gaseous HCl into each of the 
different fluids at 100 ºC were calculated based on Graham’s Law (Equation 2.7). These 
referential mass diffusivity D’ values were used to calculate a referential Schmidt 
numbers Sc’ which, although they are not absolute values, can be used to compare the 
mass transfer of the three substances. Results of the obtained values are summarized 
on . 
 
       
       
 
      
  
                       
 
                              
 
           
            
 (Equation 2.7) 
 




Table 2.6 Comparison of parameters and relevant dimensionless numbers    
for mass and heat transfer. 
Parameter Air He Steam 
Q [m3 s-1] 3.33×10-6 3.33×10-6 3.33×10-6 
Dh [m] 1.77×10
-4 1.77×10-4 1.77×10-4 
ρ [Kg m
-3] 0.95 0.13 0.60 
μ [Ns m
-2] 2.20 2.32 1.24 
υ [m2 s-1] 2.33×10-5 5.66×10-4 5.66×10-4 
D’ [-] 1.12 3.02 1.42 
α [m2 s-1] 1.90×10-4 1.90×10-4 2.34×10-5 








Pr [-] 0.12 0.94 0.89 
PeM [-] 5.04×10
-4 1.87×10-4 3.98×10-4 
PeH [-] 2.97 2.97 24.27 
 
The values of D’ indicate that He has twice the diffusivity in HCl evolved from the 
dehydrochlorination reaction compared to steam. This is also evident in the Sc’ number 
values (5.91×10-5 for He and 1.46×10-5 for steam), suggesting that the mass transfer 
when He is used as a medium should be higher. Regarding heat transfer, the values ofα 
indicate that also the thermal diffusivity of He is significantly higher than that of steam. 
Accordingly, the Pr number value in the case of He is higher than that of steam, albeit 
not by much (0.94 for He and 0.89 for steam). On the other hand, the Re in the case of 
steam is 24.32, while it is only 3.17 for He. Although such low Re values indicate that 
whichever the medium is the flow will be laminar, the large difference in the densities of 
He and steam at 100 ºC can be seen to have an impact on the total mass and heat 
transfer. As it can be seen in Table 2.6., although He has a higher mass and thermal 
diffusivity, both the Pe number for mass transfer (PeM) and for heat transfer (PEH) for 
steam are considerably higher (1.87×10-4 and 2.97 for He, and 3.98×10-4 and 24.27 for 
steam, respectively). 
 




Some research did not find any effect by the addition of steam in the thermal 
degradation of virgin PVC at temperatures below 1000 K [3]. In said study, TGA was 
used under non-isothermal conditions and therefore, dehydrochlorination took mainly 
place in a temperature range above that used in the present work. It can be assumed that 
at higher temperatures heat and mass transport is sufficiently high and the effect of 
steam negligible. It must also be noted that the steam concentration was approximately 
10 vol% which was significantly lower than that in our current experiments ranging 
from 25 to 75 vol%. As it can be seen from Figure 2.5, the effect of a steam 
concentration of 25% at 250 °C is not very pronounced. Higher steam concentrations 
and lower temperatures are required to find a significant effect.  




2.4. Summary and conclusions 
PVC, like other plastics, is characterized by a low heat conductivity that results in poor 
and inhomogeneous heat transfer. The use of steam in the thermal treatment of both the 
resin and the flexible form of the plastic helped to overcome this detriment. The most 
effective steam concentration was 50 vol%, with most of the reaction occurring between 
15 and 60 min after reaching the reaction temperature. The addition of steam at 250 °C 
increased the maximum limit of dehydrochlorination by about 15 % for both sample 
types. In addition, this reaction was apparently first-order, giving an activation energy of 
120 kJ mol
-1
 and a pre-exponential factor 68 % higher than those of the dry reaction for 
steam concentrations of 50 vol%. 
 
Overall, steam acted as an effective medium for mass and heat transfer, accelerating the 
rate of thermal decomposition. Therefore, steam could likely be used in the thermal 
pretreatment of targeted waste streams like flexible PVC from medical sources by 
providing a higher dehydrochlorination ratio, a faster reaction time, a lower residue 
weight, and, possibly, a more thorough and complete sterilization. The obtained product 
can be further processed, either through incineration in coke ovens [18] or by being 
integrated into combustible pellets [19]. In addition, it may also have more advanced 
applications, such as by being used in the feedstock for activated carbon production 
[20]. 
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3. CHAPTER III: 
 
INTERACTION BETWEEN PLASTICIZER AND 
POLY(VINYL CHLORIDE) DEGRADATION PRODUCTS IN 
THE STEAM-ASSISTED THERMAL TREATMENT 
 
 
This chapter follows the work presented on the previous chapter regarding the 
steam-assisted thermal treatment of PVC materials under atmospheric pressure and 
focuses on the plasticizer loss and degradation products. Section 3.1 introduces the 
objectives of this chapter, and section 3.2 explains the experimental and analytical 
methods used. Section 3.3 discusses the results regarding the thermal decomposition 
and weight loss contributions for FPVC are presented and compared to the results from 
PVC resin and DOP plasticizer. Interaction products between PVC and DOP and their 
formation mechanisms are also discussed. These results are summarized and concluded 
in section 3.4.  
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Early research about poly(vinyl chloride) (PVC) revolved around dechlorination seen as 
an undesirable consequence of its thermal processing and was directed towards 
developing better processing methods that would enhance the thermal stability of PVC. 
It was later found that incineration of PVC waste causes corrosion in incineration 
facilities and environmental problems through the release of hydrogen chloride (HCl) 
resulting from dehydrochlorination. More importantly, toxic chlorinated compounds 
such as polychlorinated dibenzodioxins (PCDD) and polychlorinated dibenzofurans 
(PCDF) were found in the fly ash of the incineration facilities [1,2]. From then onwards, 
the focus of the study of PVC dehydrochlorination has shifted towards safe PVC waste 
management.  
 
While adjusting pyrolysis conditions and improving emission control has been found to 
provide a safer way to dispose of the PVC waste [3], the problem of carbon dioxide 
emissions and production of potentially dangerous compounds still remains [4,5]. 
Furthermore, processes where the material is effectively recycled are desirable. Among 
various processes that have been devised in response to this request, hydrothermal 
carbonization (HTC) has been found to be a low cost and effective method to reduce the 
toxicity of product streams including soil [6,7], dioxin/furan emissions [8,9,10], and 
other chlorinated compounds [11]. It has been shown that HTC is more effective 
removing organic chlorine from gas emission compared to dry pyrolysis [12,13,14].  
 
Although vast research has been made about the thermal degradation products of PVC 
either by simple pyrolysis and also steam treatments such as hydrothermal carbonization 
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and water at sub/super critical conditions [15,16], most of these studies have been made 
using only pure PVC resin [17]. However, most of real waste is found as formulations 
of plasticized flexible PVC (FPVC). Steam and sub/super critical water processing 
requires using high-pressure autoclaves in batch reactors which implies a high cost of 
operation in case of their eventual use as actual waste treatment methods.  
 
3.1.1. Chapter objectives and outline 
The current study aims to provide insight about an alternative approach with 
steam-assisted thermal decomposition under atmospheric pressure of flexible PVC 
samples plasticized with dioctyl phthalate (DOP, alternatively known as di-2-ethylhexyl 
phthalate, DEHP), a common phthalic plasticizer widely used in the industry. Even 
though the thermal degradation of flexible PVC containing DOP and other plasticizers 
has been studied in the past, the current research has the novelty of the inclusion of 
steam in the thermal process under atmospheric pressure conditions. The product 
distribution and formation mechanism of the products depend on the presence or not of 
steam. Therefore, understanding the products that result from the steam assisted thermal 
treatment of PVC materials and the conditions that lead to their formation will be 
valuable information for the evaluation of the process. Moreover, focus will be put on 
the products and observations which suggest interactions between the PVC polymer 
backbone and the DOP plasticizer which, to the best of our understanding, have not 
been previously reported. From this information, it will be possible to evaluate the 
process in terms of its generation or diminution of toxic compounds, as well as new 
insight relating to the possibility to segregate and reuse the plasticizer. 
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3.2.1. Materials and reagents 
PVC resin with a reported polymerization degree of 1000±40 and a chlorine content of 
57 wt% and DOP with a purity of 99.5 % were acquired from Kanto Chemical (Japan). 
Flexible PVC samples consisted of PVC medical tubing containing approximately 42 
wt% of extractable matter composed primarily of DOP and very small quantities of 
other additives such as paraffin. The ash content also suggests the presence of mineral 
or metal additives or impurities. The chlorine content in the flexible PVC samples was 
approximately 33 wt%. The amount of extractable matter was determined by Soxhlet 
extraction using 30 ml of diethyl ether per gram of sample, with a total extraction time 
of 24 h with 5 min flush cycles. The plasticizer was identified by high-pressure liquid 
chromatography (HPLC) and gas chromatography-mass spectrometry (GC-MS) and 
confirmed by comparison with the purchased DOP (99.5 % purity, Kanto Chemical). 
Diethyl ether (99.5 % purity, Kanto Chemical) used for the Soxhlet and liquid-liquid 
extractions was stabilized with about 2 ppm of butylated hydroxytoluene (BTH). Steam 
was produced using water deionized by an Advantec RFD240HA unit. 
 
3.2.2. Experimental method 
The experimental apparatus used for the steam-assisted thermal decomposition of the 
samples has already been described in Chapter II. One gram of a sample consisting of 
either PVC resin, DOP or FPVC was placed inside the horizontal quartz tube reactor. 
The samples where then subjected to thermal treatment at a set temperature of 165, 190, 
220 or 250 ºC for 1 h in either presence or absence of steam. Reactions were all allowed 
to occur under atmospheric pressure and a total gas flow of 200 ml min
-1
 with N2 as 
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carrier gas. When steam was used, the gas composition was set to approximately 80 




After the reaction was complete, the reactor was allowed to cool under constant nitrogen 
flow before the sample was removed and weighted. Effluent products were collected in 
the iced-water traps at the exit of the reactor and the obtained solution was extracted 
with 25 ml of diethyl ether. 
 
3.2.3. Analyses 
The liquid organic fraction was analyzed using mass spectrometer gas chromatography 
(GC-MS) (Agilent Technology, GC; HP6890, MS; HP5973. Column: InertCap5MS/Sil, 
50 ºC (5 min) -> 5 C min
-1
 -> 320 ºC (10 min)) for product identification and flame 
ionization detector equipped gas chromatography (GC-FID) (GL Science GC390. 
Column: InertCap5MS/Sil, 50 ºC (5 min) -> 5 C min
-1
 -> 320 ºC (10 min)) for 
quantification. Additionally, electron capture detector equipped gas chromatography 
(GC-ECD) was used to observe chlorinated compounds that might not be detectable by 
CG-MS. 
 
The liquid aqueous fraction was analyzed using ion chromatography (IC) (Dionex 
DX-100. Column: IonPac AG16/AS16; eluting solution 35 mM NaOH(aq)) to measure 
released Cl
-
 and determine the dehydrochlorination ratio. High-performance liquid 
chromatography (HPLC) was conducted to detect soluble organic products. 
 
Insoluble gaseous products were captured in gas bags set at the exit of the iced-water 
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traps and analyzed with GC-FID (GL Science, GC4000, CP-PORA Bond Q, 50 ºC 
(5min) -> 5 C min
-1
 -> 320 ºC (10 min)). Quantitative determination of gaseous 
products was done through the internal standard method using 5 ml of standard air. 
 
3.2.4. Definition of terms 
Dehydrochlorination ratio XCl was defined as the percentage of the fraction of chlorine 
originally present in a sample and the chlorine found in the water traps after the 
reaction: 
 
    
          
 
                
                (Equation 3.1) 
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3.3. Results and discussion 
3.3.1. Thermal decomposition and weight loss distribution 
3.3.1.1. Poly(vinyl chloride) resin weight loss distribution 
As explained in section 1.4.1, PVC thermal degradation is a three step sequence [18]. At 
temperatures below 180 ºC, PVC is thermally stable and no dehydrochlorination or 
degradation is observed. Dehydrochlorination begins taking place around 190 to 200 ºC 
and it is evidenced by the release of HCl. At temperatures between 250 and 600 ºC, the 
polyene structures resulting from dehydrochlorination begin undergoing reactions such 
as alkylation, cyclization and crosslinking [19,20,21]. At this stage, an important 
amount of products such as benzene and gases including CO and CO2 are produced. 
Above 600 ºC, the remaining solid residue undergoes carbonization [22]. 
 
 
Figure 3.1Total weight loss and weight loss contributions of poly(vinyl 
chloride) (PVC) resin at various temperatures in the presence or absence of 
steam. 
 
Figure 3.1 shows the total weight loss and weight loss contributions of PVC resin at 











































Chapter III: Interaction between plasticizer and poly(vinyl chloride) degradation 




various temperatures and in the presence or absence of steam. Total weight loss is the 
difference between the initial weight of the sample before the experiment and the 
weight of the residue after the experiment. For PVC resin, the different contributions to 
weight loss were considered to be the release of HCl through dehydrochlorination and 
the formation of insoluble gaseous and soluble organic compounds derived from the 
thermal degradation of the polyene-like solid residue. The weight loss due to 
dehydrochlorination was determined by measuring the Cl
-
 concentration in the 
iced-water traps after the experiment. The amount of gaseous products was determined 
by weighing the gas bags. The amount of organic soluble compounds was determined 
by quantifying the compounds extracted from the iced-water traps by diethyl ether 
through GC-FID using a known naphthalene concentration as standard. The portion 
marked as ‘Organic insoluble/undetermined’ is the difference between the sample 
weight loss and the sum of the weight loss contributions described above.  
 
HPLC analysis of the aqueous fraction of the extracted iced-water traps revealed the 
existence of a complex mix of lightweight hydrocarbon and organic compounds. It was 
not possible to determine their identity or amount, and therefore the portion marked as 
‘Organic insoluble/undetermined’ cannot be appointed exclusively to these compounds. 
Regarding the identity of these compounds, it is possible that they are OH-containing or 
chlorinated compounds given their preferential solubility in water rather than in diethyl 
ether. Such water-soluble PVC degradation products have been previously reported in 
vapor-assisted thermal degradation of PVC [ 23 ]. Other possibility is that some 
compounds are so volatile that they cannot be retained, as reported in the decomposition 
of trichlorothene [9]. The ‘Organic insoluble/undetermined’ is also believed to contain 
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portions of the other parts that could not be successfully measured, for example, organic 
compounds which remained on the reactor or that could not be detected and measured 
with the methods used.  
 
As expected, dehydrochlorination did not significantly occur at 165 and 190 ºC and 
therefore the total mass loss in the samples was only 1.7 and 2.9 wt%, respectively. In 
the case of 220 and 250 ºC, dehydrochlorination advance significantly, and alongside 
the weight loss due to HCl release there was also weight loss due to the formation of the 
thermal decomposition of the solid residue. Weight loss due to dehydrochlorination was 
62.6 % (S: 66.7 %, where S signifies ‘steam’) and 68.8 % (S: 76.4 %) of the total 
weight loss for 220 and 250 ºC, respectively. This correspond to a dehydrochlorination 
rate of around 1 % (S:2 %) for 165 C, 3 % (S:5 %) for 190 ºC, 55 % (S: 60 %) for 220 
ºC, and 70 % (S:75 %) for 250 ºC. On the other hand, the smallest contribution at these 
temperatures was that from the formation of organic soluble compounds which only 
made 0.2 % (S: 0.2 %) and 0.3 % (S: 0.5 %) of the total weight loss, respectively. 
 
Experiments where steam was used caused more weight loss for 165, 190, and 220 ºC. 
For 250 ºC, however, the experiment done in N2 atmosphere had a higher weight loss 
compared to the run with steam at the same temperature. This phenomenon has been 
observed in the previous chapter and it is thought to be due to the rapid superficial 
dehydrochlorination of the PVC particles attributed to the use of steam which generates a 
shielding polyene layer that obstructs mass and thermal transfer, and therefore reduces the 
extent of dehydrochlorination. Although the total mass loss at 250 ºC was higher in the 
absence of steam, the resultant portion of organic soluble compounds seems to be higher. 
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3.3.1.2. Dioctyl phthalate weight loss distribution 
Although DOP has a high boiling point of around 385 ºC, TGA analysis showed that its 
significant evaporation will start at temperatures much lower than that. After one hour 
of TGA under isothermal conditions, DOP evaporation resulted of a weight loss of 3.1, 
12.5, 54.8, and 96.6 wt% for 165, 190, 220, and 250 ºC, respectively. On the actual 
experiments, however, mass losses for experiments using only DOP were 6.2 (S:10.3), 
29.4 (S:34.5), 88.5 (S:93.6), and 98.2 wt% (S:99.4 wt%) as shown in figure. Differences 
between these results are likely caused by the different conditions in the TGA 
equipment and experiment reactor such as sample size, container geometry, and inert 
gas flow. Nonetheless, it is clear that DOP evaporation is a significant cause for weight 
loss even at 165 ºC. A portion of the DOP that could not be recovered or accounted for 
is marked as ‘Organic insoluble/undetermined’. This is probably DOP which was 
trapped inside the reactor and could not be recovered from the iced-water trap solution 
extraction with diethyl ether.  
 
A small amount of degradation products could also be found, accounting for 0.1 (S:0.3) 
and 0.5 % (S:0.7 %) of the total weight loss of DOP at 220 and 250 ºC, respectively. 
Since the DOP could readily evaporate and leave the reactor when exposed to 
temperature, not much thermal degradation of DOP took place. 
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Figure 3.2 Total weight loss and weight loss contributions of dioctyl phthalate 
(DOP) at various temperatures in the presence or absence of steam. 
 
3.3.1.3. Flexible poly(vinyl chloride) weight loss distribution 
Weight loss in FPVC is a combination of dehydrochlorination, plasticizer evaporation, 
and thermal decomposition of both the plasticizer and dechlorinated PVC backbone. 
Figure 3.3 shows the results of the actual experimental data for FPVC compared to 
calculated expected values taking into consideration the results of its independent 
components (PVC and DOP) and their relative amounts in the FPVC samples according 
to (Equation 3.2). 
 
Calc.FPVC = Exp.PVC(0.58) + Exp.DOP(0.42)       (Equation 3.2) 
 
DOP evaporation occurred at every temperature and was overall the largest contributor 
to FPVC weight reduction except for 250 ºC where it was slightly lower in comparison 
with dehydrochlorination. As for dehydrochlorination, it increased alongside with 
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increase in temperature and was also observed to increase when steam was present. 
 
The portion marked as ‘Organic soluble’ contains the products of thermal degradation of 
the DOP and the PVC components of the sample which were soluble in diethyl ether. 
The gaseous compounds were likely produced only by the thermal degradation of the 
dechlorinated PVC component. The portion marked as ‘Organic insoluble/undetermined’ 
is composed of the light hydrocarbon mixture which was preferentially dissolved in 
water rather than diethyl ether in the iced-water trap extraction. Additionally, it contains 
some components (very likely mainly evaporated DOP) which were trapped in the 
reactor before reaching the iced-water traps and being collected. 
 
 
Figure 3.3 Comparison between calculated and experimental results for the 
total weight loss and weight loss contributions of flexible poly(vinyl chloride) 
(FPVC) at various temperatures in the presence or absence of steam. 
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The achieved dehydrochlorination ratio of FPVC samples was around 1 % (S:2 %) for 
165 C, 7 % (S:10 %) for 190 ºC, 30 % (S: 35 %) for 220 ºC, and 65 % (S:75 %) for 250 
ºC. Just as in the case of the PVC resin samples, at all temperatures the experiments 
with steam allowed for a slightly higher dehydrochlorination ration in comparison to 
those performed under nitrogen only. This has been attributed to the improved mass and 
heat transport which the presence of steam provides, as it was concluded in Chapter II. 
At 250 ºC with steam, both the FPVC and PVC resin had similar dehydrochlorination 
rates of around 75 %. 
 
The amount of recovered organic soluble products from the thermal degradation of 
FPVC is much higher than what was observed for both the DOP and PVC experiments. 
At 220 ºC, 1.9 wt % (S:1.8 wt%) of the reacted FPVC was recovered as organic soluble 
products, while only 0.1 wt% (S:0.3 wt%) of DOP and only 0.1 wt% (S:0.1 wt%) for 
PVC did. This is even more drastic at 250 ºC, where the organic soluble products 
recovered were 5.5 wt% (S:5.9 wt%), while it was only 0.5 wt% (S:0.7 wt%) for PVC 
and 0.2 wt% (S:0.3 wt%) for PVC. The reason of this increased degree of degradation in 
the case of FPVC could be due to the physical interactions between the DOP and PVC 
components.  
 
When the DOP plasticizer is by itself it can readily evaporate and be carried out of the 
reactor by the gas flow before its thermal decomposition takes place. On the other hand, 
when it is in the FPVC mixture, the solid components of the mixture make it more 
difficult for the DOP to diffuse. As for the PVC resin component in the FPVC, it is 
possible that its greater degree of thermal degradation is assisted by the presence of 
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DOP which provides fluidity and avoids the formation of the external polyene shell that 
is created when dehydrochlorination takes place. As FPVC thermal decomposition and 
dehydrochlorination takes place, the particles first melt and then become highly porous 
as HCl gas and evaporated DOP plasticizer evolve from it. This increase in surface area 
can improve heat and mass transfers, which in turn increases the amount of thermal 
degradation of the mixture. In the cases where steam was present, the amount of 
decomposition also increased because of the improved mass and heat transfer medium. 
 
3.3.2. Sample degradation products 
3.3.2.1. Poly(vinyl chloride) resin and dioctyl phthalate degradation products 
Soluble organic compounds were categorized in seven groups according to their 
primary functional groups; alkane/alkene, cyclic, alcohols, ketones, esters, phthalic, and 
chlorinated. Table shows the names and amounts of the compounds found in the diethyl 
ether extracts for experiments which displayed relevant amounts of products. 
Experiments at 165 and 190 ºC, as well as the 220 ºC runs for PVC resin did not result 
in amounts of products that could be detected by the method used in this experiment and 
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Table 3.1 Amount of detected soluble organic compounds. 
Experiment R250S R250N D250S D250N D220S D220N F250S F250N F220S F220N 
Material PVC resin DOP plasticizer Flexible PVC 
Alkene/alkane 0.42  3.48  0.05  0.08  0.01  0.01  1.32 2.13 0.27 0.32 
3-methyl-2-heptene 0.33  0.69  nd nd nd nd 0.56 1.01 0.06 0.12 
3-methylheptane nd nd 0.01  +  +  +  nd nd nd nd 
2-ethyl-1-hexene nd nd 0.03  0.01  0.01  +  0.08 0.15 0.01 0.02 
3-ethyl-2-hexene nd nd nd nd nd nd 0.13 0.25 0.02 0.03 
3-methyl-2-heptene nd nd +  +  +  +  nd nd nd nd 
2-methyl-4-methylene-hexane nd nd nd nd nd nd 0.39 0.65 0.05 0.09 
2,4-dimethylheptane nd nd 0.01  0.07  +  +  0.04 0.04 0.01 0.03 
4-methyloctane nd nd +  +  +  +  nd nd nd nd 
z-2-octene nd nd nd nd nd nd 0.10 0.04 0.12 0.03 
3-methyl-5-propylnonane nd nd +  +  nd nd nd nd nd nd 
Heptadecane 0.09  2.79  nd nd nd nd nd nd nd nd 
Cyclic 91.53  54.62  0.10  0.07  0.02  0.06  1.05 0.93 0.57 0.44 
Benzene 11.32  6.75  0.01  0.01  0.01  0.02  0.44 0.42 0.22 0.15 
Toluene nd nd nd nd nd nd 0.02 0.02 0.01 0.01 
Indan 0.41  nd nd nd nd nd nd nd nd nd 
Indene 2.31  8.65  nd nd nd nd 0.11 0.10 0.06 0.04 
Tetralin 0.75  nd +  +  +  +  0.01 0.01 0.01 + 
1,4-diethyl tetralin nd nd +  +  +  +  nd nd nd nd 
1,2-dihydronapthalene 6.34  7.72  nd nd nd nd 0.03 0.03 0.01 0.01 
Napthalene 53.74  27.63  nd nd nd nd 0.08 + 0.03 0.03 
Biphenyl 1.18  nd nd nd nd nd 0.01 0.01 + + 
1,4-dihydro-fluorene 0.83  nd nd nd nd nd nd nd nd nd 
4-phenyltoluene 1.80  3.88  nd nd nd nd 0.02 0.01 nd + 
Dihydroanthracene 0.16  nd nd nd nd nd nd nd nd nd 
Tetrahydrofluerene 0.42  nd nd nd nd nd nd nd nd nd 
Fluorene 4.40  nd nd nd nd nd 0.05 0.05 0.06 0.01 
Diphenylmethane 2.34  nd nd nd nd nd 0.02 0.01 + + 
Tetrahydroanthracene 0.40  nd nd nd nd nd nd nd nd nd 
Tetrahydrophenanthrene 1.40  nd nd nd nd nd nd nd nd nd 
Dihydrophenanthrene 0.84  nd nd nd nd nd nd nd nd nd 
Phenanthrene 1.08  nd nd nd nd nd nd nd nd nd 
1,2,3-trimethylcyclopentane nd nd nd nd nd nd 0.15 0.14 0.03 0.09 
Phenylacetaldehyde nd nd +  +  nd nd nd nd nd nd 
Coumaranone nd nd 0.02  0.02  +  0.01  nd nd nd nd 
Allylbenzene nd nd nd nd nd nd 0.10 0.11 0.12 0.08 
Anthracene nd nd nd nd nd nd 0.01 0.01 0.01 + 
3-(1-cyclopentenyl)furan nd nd 0.02  0.02  +  0.01  nd nd nd nd 
Benzofuranone nd nd 0.03  0.01  +  0.01  nd nd nd nd 
4,5,9,10-tetrahydro-pyrene 0.14  nd nd nd nd nd nd nd nd nd 
11H-Benzo[a]fluorene 0.46  nd nd nd nd nd nd nd nd nd 
1,2,3,4-tetrahydro-triphenylene 0.42  nd nd nd nd nd nd nd nd nd 
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Benz[a]anthracene 0.80  nd nd nd nd nd nd nd nd nd 
Alcohol 0.95  14.37  0.06  0.03  0.02  0.03  13.80 13.35 9.72 9.02 
Butylhydroxytoluene 0.95  14.37  +  +  +  +  nd nd nd nd 
2-ethylhexanol nd nd 0.03  0.03  +  0.01  12.22 10.93 8.74 8.12 
Ketone +  +  0.01  +  +  +  0.32 0.32 0.05 0.13 
2-ethylhexanal nd nd 0.01  +  +  +  0.32 0.32 0.05 0.13 
5-phenyl-1,3-cyclohexanedione nd nd +  +  +  +  nd nd nd nd 
Ester +  +  +  +  +  +  0.47 0.90 0.44 0.32 
2-methylpentyl isovalerate nd nd nd nd nd nd 0.05 0.05 0.03 0.04 
2,2-dimethylpropyl hexyl oxalate nd nd +  +  +  +  nd nd nd nd 
2-ethylhexyl acetate nd nd nd nd nd nd 0.02 0.02 0.01 0.04 
2-methylbutyl caproate nd nd nd nd nd nd 0.03 0.03 + + 
2-ethylhexyl benzoate nd nd nd nd nd nd 0.01 0.01 + + 
Dioctyl fumarate nd nd nd nd nd nd 0.35 0.79 0.40 0.24 
Phthalic +  +  99.80  99.82  99.95  99.91  75.93 75.88 87.65 86.71 
Pthalic anhydride nd nd +  +  +  +  5.28 5.01 1.21 2.92 
Cyclohexylmethyl pentyl phthalate nd nd +  0.01  +  +  0.07 0.07 0.10 0.01 
Mono(2-ethylhexyl)phthalate nd nd 0.14  0.34  0.11  0.11  0.85 0.11 0.14 0.04 
2-ethylhexyl benzoate nd nd 0.12  0.06  0.03  0.05  nd nd nd nd 
2-ethylhexyl-2-methylbenzoate nd nd 0.02  0.01  +  0.01  nd nd nd nd 
2-methylbutyl benzoate nd nd 0.04  0.05  0.01  0.01  nd nd nd nd 
Butyl 2-ethylhexyl phthalate nd nd 0.06  0.05  0.03  0.02  nd nd nd nd 
2-ethylhexyl benzoate nd nd 0.09  0.06  0.07  0.05  nd nd nd nd 
Dioctyl fumarate nd nd 0.14  0.08  0.15  0.19  nd nd nd nd 
DOP nd nd 99.20  99.16  99.54  99.47  69.55 70.53 86.20 83.72 
Dodecyl 2-ethylhexyl phthalate nd nd +  +  +  +  nd nd nd nd 
DOP variation nd nd nd nd nd nd 0.18 0.17 0.01 0.02 
Chlorinated 7.10  27.52  +  +  +  +  8.68 8.92 2.28 3.97 
Benzyl chloride 7.10  27.52  nd nd nd nd nd nd nd nd 
1,3-dichloro-2-propanol nd nd nd nd nd nd 0.16 0.13 0.02 0.07 
2,3-dichloro-1-propanol nd nd nd nd nd nd 0.41 0.32 0.05 0.16 
2-chlorooctane nd nd nd nd nd nd 0.18 0.18 0.02 0.11 
2-chloromethylheptane nd nd nd nd nd nd 0.15 0.14 0.02 0.09 
3-chloromethylheptane nd nd nd nd nd nd 7.23 7.54 2.07 3.37 
2-octyl dichloroacetate nd nd nd nd nd nd 0.55 0.61 0.09 0.16 
Initial sample weight [g] 1.006 1.0044 0.9985 1.0237 0.9982 1.0174 1.04 1.0054 0.9421 1.0335 
Final sample weight [g] 0.4374 0.4162 0.0001 0.0028 0.00098 0.4636 0.335 0.3434 0.6172 0.712 
Sample weight loss [wt %] -56.52  -58.56  -99.99  -99.73  -99.90  -54.43  -67.79 -65.84 -34.49 -31.11 
Total identified products [wt %] 81.29  68.39  81.52  54.90  56.16  51.96  63.43 59.17 70.16 67.30 
 
Soluble organic compounds generated from PVC resin where 0.42 % (S: 3.48 %) 
alkane/alkene, 91.53 % (S: 68.91 %) cyclic, and 7.10 % (S: 27.52 %) chlorinated. It can 
be appreciated that the presence of steam had a significant effect in the product 
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distribution. In the absence of steam, a great majority of products (over 90 %) was 
composed of cyclic compounds mainly naphthalene (53.74 %), benzene (11.32 %), 
1,2-dihydronaphthalene (6.34 %), and fluorine (4.40 %), among others. On the other 
hand, in the presence of steam cyclic compounds represented around 69 %. In this case 
naphthalene and benzene were also the main constituents, but there was a change in the 
product formation within the cyclic category. For example, the relative amounts of 
indene and 4-phenyltoluene increased with steam, while the steam caused an inhibition 
in the formation of various compounds like diphenylmethane, biphenyl, fluorenene, 
phenanthrene, and anthracene, among others. In exchange of the relative diminution of 
cyclic products, steam increased the amount of benzyl chloride, the only compound 
detected in the chlorinated compounds category from 7.10 % to 27.52 % of the organic 
soluble products.  
 
Organic soluble products found in the iced-water traps after the DOP experiments where 
mostly (between 99.2 and 99.54 %) evaporated DOP. Very small quantities of 
compounds with similar structures to DOP such as mono(2-ethylhexyl)phthalate and 
dioctyl fumarate were also detected but these were likely to be present in the sample as 
impurities and were not generated during the experiment due to the degradation of the 
DOP. These amounted to about 0.5 % which is consistent with the purity of the reactant 
sample originally used. 
 
3.3.2.2. Flexible poly(vinyl chloride) degradation products 
Interestingly, for FPVC experiments not only were the amount of organic soluble 
products obtained tenfold of what resulted from experiments using either the PVC resin 
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or DOP alone; the products themselves were also very different (see Figure 3.4 and 
Table 3.2). 
 
The largest proportion of the soluble organics were phthalic compounds, most of it DOP 
constituting 69.55 % (S:70.53 %) at 220 ºC and 85.20 % (S:83.72 %) at 250 ºC. 
However, phthalic anhydride was also found to be a significant contributor at 5.28 % (S: 
5.01 %) at 220 ºC and 2.21 % (S: 2.92 %) at 250 ºC. The presence of phthalic anhydride 
shows that in the FPVC experiments hydrolysis and thermal decomposition of the DOP 
plasticizer occurred, something which was not observed in the only DOP experiments. It 
can also be noted that this decomposition was higher at 220 ºC and that steam did not 
have a significant effect on it. It is likely that at the higher temperature of 250 ºC DOP 
was more prone to be evaporated before its degradation. 
 
 
Figure 3.4 GC-FID spectra of the three samples types after being processed   
at 250 ºC in the presence of steam for 1 h. 
 
Cl
FPVC: 250 ⁰C, steam
DOP: 250 ⁰C, steam
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Table 3.2 Main degradation products detected and their respective amounts. 
After being processed at 250 ºC in the presence of steam for 1 h. 
PVC resin DOP FPVC 
Naphthalene (53.7 %) 
Benzene (11.3 %) 
Cyclic condensed (~10%) 
Benzyl chloride (7.1 %) 
1,2-dhydnapthalene (6.3 %) 
Biphenyl (1.17 %) 
Others ( ~17.3 %) 
DOP (99.2 %) 
Others (~0.8 %) 
DOP (69.5 %) 
2-ethylhexanol (12.2 %) 
3-chloromethylheptane (7.2 %) 
Phthalic anhydride (5.3 %) 
Others (~5.8 %) 
 
Another significant portion of the organic soluble products was 2-ethylhexanol, 
representing 12.22 % (S: 10.93 %) and 8.74 % (S: 8.12 %) of the organic soluble 
products at 220 and 250 ºC, respectively. This and the phthalic anhydride clearly show 
that the hydrolysis of DOP that took place during the experiments with FPVC. It is 
possible to see that similarly to the formation of phthalic anhydride, more 
2-ethylhexanol was produced at 220 ºC in comparison to 250 ºC, and that steam did not 
have a significant effect upon its formation.  
 
A significant fraction of the obtained organic soluble products consisted of chlorinated 
compounds, especially at 220 ºC where it was 8.68 % (S: 8.92 %). While several 
compounds including 2,3-dichloro-1-propanol and 2-octyl dichloroacetate where 
identified, most of this category was compromised of 3-chloromethylheptane. From the 
similarity in the structure of 3-chloromethylheptane to that of 2-ethylhexanol, and also 
the tendency of its amount to vary along with the production of phthalic anhydride 
suggest that its formation is related to the hydrolysis/thermal decomposition of DOP. At 
250 ºC 3-chloromethylheptane was also the most important chlorinated compound at 
2.28 % (S: 3.97 %). However, its relative amount was much lower in comparison. This 
diminution also follows the same tendency as phthalic anhydride and 2-ethylhexanol. At 
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250 ºC, it appears that the presence of steam assisted the formation of all detected 
chlorinated compounds. However, in general, it can be said that the influence of steam 
is insignificant in comparison to the effect of changing temperature. 
 
Although FPVC is a mix composed almost equally of PVC resin and DOP, the 
hydrothermal decomposition of FPVC displays very different phenomena from its 
constituents both physically and chemically. Physically, the FPVC sample had a 
different viscosity and physical structure as degradation progressed. It tended to first 
melt (reduction of the surface area and consequent reduction of the mass transfer 
interface) and soon after began to become highly porous due to the exit of gaseous 
products, primarily HCl and evaporated DOP (increase of the surface area). On the other 
hand, the particulate PVC resin by itself tended to coagulate and more importantly form 
an outer polyene shell that seemed to inhibit mass transfer. Chemically, not only where 
the organic soluble products from FPVC different; these were for the most part products 
which suggest interactions between the plasticizer and PVC resin. Seeing that steam had 
no effect on the hydrolysis of the DOP, it is possible that this hydrolysis was instead 
favored or catalyzed by the evolved HCl gas from the dehydrochlorination of PVC. This 
is arguable because of the significant production of 3-chloromethylheptane.  
 
The relative reduction of benzyl chloride compared to the case of PVC resin alone 
suggests that the evolved hydrogen chloride had a preference to react with the DOP 
rather than with the polyene structures of the dechlorinated PVC backbone. Other 
particular degradation products of FPVC like 4-chlorooctane and the most abundant one, 
1-chloro-2-ethylhexane, both are likely to be produced by variations of this reaction. 
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Additionally, the chlorinated products 1,3-dichloro-2-propanol and 
1,3-dichloro-1-propanol are likely to be produced by the interactions of the 
2-ethylhexanol and HCl, further showing interaction between the decomposition 
products of DOP and PVC resin. 
 
3.3.2.3. Poly(vinyl chloride)-dioctyl phthalate product formation mechanism 
Regarding acid hydrolysis of DOP, a reaction mechanism where a single DOP molecule 
reacts with HCl to form phthalic anhydride as well as both 3-chloromethylheptane and 
2-ethylhexanol is suggested (Figure 3.5). 
 
 
Figure 3.5 Reaction of HCl resultant from the dehydrochlorination of 
poly(vinyl chloride) (PVC) with the dioctyl phthalate (DOP) plasticizer. 
 
According to the proposed mechanism, the first stage consists of a nucleophilic 
substitution reaction of HCl with one of the ester branches of the DOP to generate acyl 
chloride and release 2-ethylhexanol. Afterwards, the electronegative oxygen of the 
remaining ester branch approaches the carbonyl carbon of the reactive acyl chloride 
branch to generate phthalic anhydride and release 3-chloromethylheptane. The 
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intermediate acyl compound was not detected, yet several compounds that are possibly 
originated from its decomposition were identified. These compounds include 
2-octyl-chloroacetate, benzoyl chloride, and mono(2-ethylhexyl)phthalate, which 
suggest that the acylchloride intermediate does occur yet rapidly undergoes secondary 
decomposition reaction to form phthalic anhydride or other of the aforementioned 
compounds. The absence of phthalic acid also points to the proposed mechanism 
involved acid hydrolysis without forming intermediary carboxylic acid structures. 
Furthermore, when the stoichiometry ratios for the products are observed (3 for phthalic 
anhydride, 4 for 3-chloromethylheptane, and 8 for 2-ethylhexanol, based on the values 
from Table 3.1), the prevalence of 2-ethylhexanol in comparison to the other 
compounds indicate that 2-ethylhexanol is produced first, further supporting the 
suggested reaction mechanism. 
 
      
Figure 3.6 Structures of possible compounds originated from the 
decomposition of acylchloride; a) 2-octylchloroacetate, b) benzoyl chloride, 
and c) mono(2-ethylhexyl)phthalate. 
 
Oxygen-containing products have been reported in experiments about the hydrothermal 
decomposition of PVC even after purging the reactor of air and working in an inert gas 
environment. Incomplete or inefficient air purging has been suggested as a cause for this 
[3]. However, it is possible that the oxygen is formed as a consequence of the formation 
of chlorine gas through the contact of two chlorine free radicals. The chlorine gas then 
a)                                                 b)                          c)
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dissolves in the water or steam where it forms HCl and hypochlorous acid, which then 
dissociates to HCl and O2 (reactions 13 and 14 from Table 3.3). Table 3.3 summarizes 
some of the reactions that take place during the steam assisted thermal degradation of 
PVC. Through these general reactions, it is possible to better understand the variety of 
products formed such as cyclic organic and chlorinated products. 
 
Table 3.3 Possible reaction during the steam-assisted thermal degradation of 
flexible poly(vinyl chloride) (FPVC) summary list. 
No. Reaction Description Reaction type 
1. . 
 
Chloroallyl structure dehydro- 
chlorinates to produce a double bond 




Polyene-chloroallyl structure reacts 




Neutral diradical reacts with PVC to 





PVC radical releases chlorine free 
radical through b-scission and forms 





Neutral diradical and PVC radical 
bond resulting in crosslinking, likely 
fixating chlorine and or forming 




A neutral polyene diradical bonds 





Two polyene radicals bond resulting 




Neutral diradical and chlorine radical 





Polyene radical receives chlorine free 
radical and form new chloroallyl 
structure 
Polyene propagation 
Cla P-Cla +   HCl
P-Cla +   HCl              P   +   2HCl
P   +   PVC              P   +   PVC
PVC              Cla +   Cl
P   +   PVC              Cl-Px (or Cl-Px)
P             Px
P   +   P              Px
P   +   Cl P-Cla
P   +   Cl Cla
Chapter III: Interaction between plasticizer and poly(vinyl chloride) degradation 






Polyene and PVC radicals crosslink, 
fixating chlorine and or forming 




Chlorine free radical attacks PVC and 
forms new chloroallyl structure, 






Chlorine free radical and PVC radical 










Chlorine gas dissolves in water/steam 
and form HCl and oxygen gas 





Acid hydrolysis of DOP to phthalic 
anhydride, 2-ethylhexanol, and 
3-chloromethylheptane 
Termination 
Symbol key: HCl: hydrochloric acid, PVC: poly(vinyl chloride), Cla: chloroallyl structure, P: 
polyene structure; Px: polyene structure cross-linking, DOP: dioctyl phthalate, PhAn: phthalic 
anhydride, Cl-R1: 3-chloromethylheptane, OH-R2: 2-ethylhexanol. 
  
P   +   PVC              ClPx
Cl +   PVC              
Cla +   HCl   +   Cl
Cl +   PVC              diCl*
Cl +   Cl Cl2
Cl2(g) +   H2O              
2HCl   +   ½O2(g)
HCl   +   DOP              
PhAn +   Cl-R1 +   OH-R2
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3.4. Summary and conclusions 
Thermal degradation of FPVC was performed under atmospheric pressure in the 
temperature range of 190 to 250 ºC both in the presence and absence of steam. In order 
to compare the effects of temperature and steam on the degradation of FPVC, 
experiments using only PVC resin or DOP plasticizer were also performed under the 
same conditions. 
 
Although the FPVC used was composed almost exclusively of PVC and DOP (around 
65 and 45 wt%, respectively), the weight loss behavior of FPVC including the extent of 
dehydrochlorination and plasticizer evaporation were significantly different from those 
from the experiments of both components independently. All the more, the amount of 
sample which underwent thermal degradation increased significantly in the case of 
FPVC, and degradation products were also different. In the DOP-only experiments 
hydrolysis of the plasticizer was not observed even when steam was present. However, 
in experiments using FPVC hydrolysis was observed, likely as a result of the action of 
the HCl released from the dehydrochlorination of the PVC component. These results 
show that the thermal decomposition of FPVC cannot be assumed to be just the 
combination of the decomposition of its components independently; interactions 
between PVC and plasticizer are relevant and cannot be overlooked. Steam was 
observed to primarily act physically as a mass and heat transfer medium, but it is also 
likely to have supported ionic reactions and possibly inhibited radicals. 
 
The steam-assisted thermal degradation of FPVC produced cyclic organic compounds 
like benzene and naphthalene, as well as a variety of organic chlorinated compounds 
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like phenyl chloride and 3-chloromethylheptane. For considering this process a means 
for disposal or recycling pretreatment of waste FPVC the toxicity of the resulting 
components should be considered Nonetheless, several studies point out that the use of 
steam and thermal processing with water under sub and supercritical conditions reduces 
the toxicity of product streams, including organic chlorinated compounds, suggesting 
that the process could be an acceptable alternative in that regard [24,25]. 
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4. CHAPTER IV: 
 
SELECTIVE STEAM-ASSISTED MECHANICAL 
GRINDING OF FLEXIBLE POLY(VINYL CHLORIDE) 
 
 
Section 4.1 introduces the current method for the disposal of medical use plastic waste 
in Japan and presents an alternative process based on the simultaneous steam 
sterilization of the waste and selective particle size reduction of flexible poly(vinyl 
chloride) to separate it from the non-halogenated plastic. Section 4.2 explains the 
experimental and analytical methods used. Of particular interest is the plant scale rotary 
kiln reactor which has been adapted to work as a ball mill with a steam inlet and serves 
as the main experimental vessel for this chapter. Section 4.3 discusses the individual and 
combined effects of the processing temperature, steam content, retention time, and ball 
mill operation parameters such as ball load and rotation speed. Additionally, plasticizer 
removal and autoclave pretreatments are discussed. Section 4.4 summarizes and 
concludes upon the results obtained and provides advice on the optimal operating 
conditions and adaptability of process.  





4.1.1. Medical use flexible poly(vinyl chloride) waste management in Japan 
Even though there are various techniques to conduct the dechlorination of poly(vinyl 
chloride) (PVC) available, the obtained product is seldom reused efficiently besides as a 
reducing agent in blast furnaces. For this reason, and following the intention of securing 
PVC material recirculation and emission control, more applicable recycling 
technologies must be developed. An approach to achieve this goal is to design processes 
that can be applied to specific waste streams. Some waste streams require specific 
treatment, even when the material is the same as in others due to their different 
applications. Such is the case of medical use flexible PVC (FPVC) equipment, which 
must also undergo mandatory sterilization upon disposal or recycling [1].  
 
The most general method to sterilize medical equipment is to use steam for prolonged 
time under temperatures above 121 ºC [2]. This achieves killing bacteria and viruses, as 
well as decomposing biological matter that might represent a threat to health. However, 
it has been proven that repeated steam sterilization of the PVC medical implements is 
not recommended because the quality of the recycled materials make it unfit for medical 
applications [3]. This implies that recycled medical use FPVC material is reutilized 
outside the medical field.  
 
Currently, plastic medical waste is separated at the time of its disposal in hospitals. The 
mixed plastic waste is then collected into specialized plastic boxes which are often 
made from polyethylene (PE) that are then sealed and classified as bio-hazardous waste.  
The plastic waste boxes are then collected by special trucks and taken to incineration 




plants. After incineration the residual ash is finally landfilled. A graphic scheme of the 
procedure along with the typical composition of plastic medical waste is shown in 
Figure 4.1. As it can be seen from this figure, 43 wt% of all medical plastic waste is 
composed of PVC [4], while 24 wt% of it is water. Note that most part of the 4 wt% 
attributed to PE is the waste box itself.  
 
 
Figure 4.1 Disposal procedure of medical plastic waste in Japan and typical 
composition of plastic medical waste. 
 
The production of medical waste has shown a sharp increase in the last decade. For 
example, medical waste in Japan increased from 280,000 ton in 1999 to 500,000 ton in 
2010, a considerable part of it being medical use disposable plastic implements. 
Likewise, the cost of medical waste treatment has increased over 40%, being around 
JPY125,000 per ton on the year 2014 [1]. This factors call for the need for methods to 
recycle this material and lower both the environmental and economic burden that this 
waste represents. Several private companies have perceived this as a possible business 
opportunity and are trying to develop economically viable processes for recycling this 
specific waste stream. Such is the case of a private company whose name will remain 
undisclosed in this thesis and will be referred to simple as the “Company”. The 
Medical plastics waste 
sealed box
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aforementioned company was a collaborator to co-develop a novel process for the 
recycling pre-treatment of medical use FPVC waste. The progress made during this 
joint research make up the contents of this chapter. 
 
4.1.2. Proposed process for the treatment of plastic medical waste. 
This research starts after an interesting finding when attempting to shred a mix of 
plastic tubes made from various materials including PVC, PE, PP, and rubber; under 
certain conditions only the FPVC would be reduced in size, while all other materials 
remained the same size. This led to attempting a selective crushing of FPVC-containing 
plastic mix using a ball mill with a steam inlet. After several trials, it was observed that 
sometimes it was possible to selectively crush only the FPVC (Figure 4.3 a) and 
sometime it was not (Figure 4.3 b). Experiments needed to be carried out to determine 
the circumstances and explain the selective crushing of FPVC. Additionally, several 
pre-treatment options to improve the process had to be tested. 
 
The proposed processed is shown in Figure 4.4. The main idea is to apply steam thermal 
treatment both as a means for sterilization of the material as well as for the selective size 
reduction of the FPVC component. Furthermore, it is desirable to be able to conduct 
both treatments simultaneously. It is important be able to recover the FPVC without 
dehydrochlorination for two reason: in the first place, the recovered material should not 
be decomposed to be acceptable for its mechanic recycling; in second place, the HCl 
released by dehydrochlorination would cause corrosion on the steel reactor and pipes, 
causing costly damage to the equipment. Taking all this factors into consideration 
experiments were conducted to establish optimal operating conditions. 





Figure 4.2 Mixture of plastic tubes a) before and b) after processing in Johnson 




Figure 4.3 Comparison of a) ground FPVC and almost unchanged PE tubes after 














T > 121 ºC















4.1.3. Chapter objectives and outline 
The main objectives of the research conducted in this chapter are to explain the 
phenomenon of selective crushing of FPVC in the ball mill-assisted thermal steam 
process, and to determine the optimal conditions for the progress concerning 
temperature, residence time, milling conditions, and steam content. An additional 
objective is to test various forms of pretreatment such as plasticizer extraction and 
auto-clave hydration of the samples before feeding them into the ball mill reactor. It is 
also fundamental to determine how to separate and re-use the material obtained after the 
treatment. 
 
From the research presented in Chapters II and III, it is known that steam facilitates 
plasticizer loss during thermal treatment and that it will readily evaporate from the 
FPVC mixture at temperatures as low as 165 ºC. Additionally, as known, under 190 ºC, 
the degree of dehydrochlorination is very low remaining under 1 %. If temperature is 
increased to over 220 ºC, not only does dehydrochlorination occur significantly, but also 
acid hydrolysis will take place. These factors must be taken into consideration when 
determining an appropriate temperature. 
 
To fulfilling the mentioned objectives, experiments done to clarify the relation between 
plasticizer content and FPVC grindability and the action of each of the reaction 
conditions (temperature, steam content, milling) will be tested both independently and 
in combination. 
  






The steam assisted thermal treatment and milling experiments were carried out in a 
plant scale Johnson Boiler brand steel rotary kiln reactor adapted to work as a ball mill 
and equipped with a heated steam inlet (Figure 4.5). Due to the size and nature of the 
required equipment, experiments were carried out at the research plant of a private 
company who owns the equipment. Details of the equipment layout can be found in the 
appendix for this chapter.  
 
The ball mill reactor was heated by a direct heating furnace and can go work at 
temperatures as high as 500 ºC. Steam was fed from a superheated steam generator from 
which it left at 500 ºC. The steam generator has a maximum generation volume of 17 kg 
h
-1
. Aluminum-ceramic balls with a 3 cm diameter were used as crushing medium. The 
reactor had a maximum load weight capacity of 15 kg and maximum rotation speed of 
20 rpm when fully loaded. 
 
 
Figure 4.5 Plant scale rotary kiln reactor adapted as a ball mill with a heated 
steam inlet running through the middle of the reactor. 
 




Experiments conducted in a horizontal tube reactor were done in the same equipment 
already described in chapters II and III. 
 
4.2.2. Materials and reagents 
FPVC tubes used as samples where provided by a private company. These where 
composed of approximately 45 wt% extractable matter which is made primarily from 
dioctyl phthalate (DOP) plasticizer, but also contained impurities consisting of other 
similarly structured plasticizers such as dioctyl fumarate and dibutyl phthalate, among 
others. The tubes were cut in 18 cm long pieces. 
 
Table 4.1 Elemental composition of flexible poly(vinyl chloride) tube samples [%]. 
 C H Cl O Ash 
FPVC tubes 55.57 6.81 31.01 6.23 0.40 
 
Table 4.2 Elemental composition of flexible poly(vinyl chloride) samples [%]. 
PVC resin 54.40 
Extractable matter 45.20 
Ash 0.40 
 
Diethyl ether used for plasticizer extraction was obtained from Kanto Chemicals with a 
purity of 99.5 %, stabilized with about 2 ppm of butylated hydroxytoluene (BHT). 
 
4.2.3. Experimental method 
The experiments were carried out on a recursive feedback basis between this laboratory 
and the company which owns the ball mill reactor used. An initial set of experimental 
conditions for the reactor such as temperature, reaction time, and rotation speed, as well 




as load feed conditions such as amount of steam, aluminum-ceramic balls, and FPVC 
tube samples were established. The company executed the experiment following the 
conditions established and reported back the results together with post-experiment 
samples. Taking into consideration these results, a new set of conditions was established. 
This exchange was repeated until the optimal treatment conditions were achieved. 
 
The autoclave pretreatment done by a third party company discussed in section 
4.3.3.was carried out at either 121 or 135 ºC under 0.2 and 0.31 Mpa of pressure, 
respectively. Autoclave treatment time was 2 h for all cases. For autoclave experiments 
carried out in the laboratory, small 6 ml brass pipes were filled with the FPVC tube 
sample and 2 ml of deionized water and sealed both ways with high pressure bolts. The 
brass pipe autoclaves were then heated to 125 ºC by submersion in a silicon bath for the 
required time. 
 
The FPVC tube sample plasticizer extraction from section 4.3.2. was carried out in 
batch for 24 h using diethyl ether as a solvent. For the plasticizer extraction 
pretreatment, 1 kg of 18 cm long FPVC tubes were extracted for 24 h and dried at 180 
ºC for 48 h in 3 L of diethyl ether. The final weight decreased to 590 g, which represents 
a 41 wt% reduction and is equal to approximately 91 % rate of plasticizer removal. 
 
4.2.4. Analyses 
Extracted plasticizer diethyl ether solution and residual condensed water from the ball 
mill reactor where analyzed with HPLC (see section 3.2.1 for details) to identify 
plasticizer. Treated FPVC tubes were measured and separated between those larger than 




6 cm and those 6 cm or smaller and each fraction was weighted. Treated samples where 
observe d with scanning electron microscopy (SEM) (see section 2.2.3) for changes in 
their surface structure. 
 
4.2.5. Definition of terms 
As stated in section 4.1.3, one of the objectives of this process is to achieve the size 
reduction of the FPVC tubes. To determine the rate of success of the particle size 
reduction, it was defined that if more than 90 wt% of the sample became 6 cm or shorter 
than the experiment is evaluated as “complete” size reduction. “Partial” size reduction 
means that only a 50 wt% of the FPVC tube sample became 6 cm or less. Any other 
measure below this is evaluated as “none”. 
  




4.3. Results and discussion 
4.3.1. Effects of temperature and steam 
Processing temperature must be over 121 ºC to comply with the requirement for 
sterilization. On the other hand, it must remain lower than 190 ºC to avoid 
dehydrochlorination which would decompose the PVC portion, hydrolyze the plasticizer, 
and cause HCl corrosion on the equipment. It is desirable to have a low operating 
temperature both from a cost-performance point of view, and also because melting and 
decomposition of other plastics in the mix such as PE should be avoided. Therefore, the 
minimum temperature above 121 ºC which results in the desired selective particle size 
reduction effect is considered optimal. 
 
Table 4.3 Ball mill reactor experimental conditions and results for     
varying temperature and steam. 
Experimental 
conditions 
Test 1 Test 2 Test 3 Test 4 Test 5 
Temperature [ºC] 150 155 160 165 170 
Rotating speed [rpm] 20 20 20 20 20 
Steam flow [kg h-1] 17 17 17 17 17 
Ball load [kg] 10 10 10 10 10 
Retention time [h] 7 6 6 7 6 
Initial sample [g] 499.73 499.9 501.45 501 501.84 
Final sample [g] 422 474 402 316 301 
Weight loss [wt %] 15.6 4.5 19.8 36.8 40 
Size reduction None ~80% Partial Complete Complete 
 
Table 4.3 shows that size reduction does not occur at 150 ºC (Test 1) or at lower 
temperatures (not tabulated), and efficiency increases along with temperature. It was 
also noticed that as temperature and consequently particle size reduction efficiency 




increased, the sample weight loss also increased accordingly. In the case of Test 1 and 
Test 2 this is not clear because reaction time for Test 1 was 7 h while it was only 6 h for 
Test 2. Regardless, this goes in hand with what has been observed previously in 
Chapters II and III regarding plasticizer loss with temperature. 
 
From the observations gathered from experiments Test 1 to 5, 165 ºC was determined as 
the optimal operation temperature. Other experimental conditions such as rotating speed, 
steam flow, and ball load were all at their maximum levels and it was confirmed that 
this values should be as high as possible. Therefore, the experimental conditions for Test 
4 are labeled as “standard” and used for comparison with experimental condition 
variations. 
 
To observe the effects of temperature and steam in the material without the shock from 
ball milling, experiments were carried out in a horizontal tube reactor using the standard 
conditions of 6 h and 165 ºC both in the presence and absence of steam (see Table 4.4). 
From these results and the accompanying image it can be seen that changes in the 
sample are mostly shape and color and not physical. Although there is a color variation 
which shows dehydrochlorination took place, it can be estimated from the weight loss 
and low concentration of Cl
-
 in the water traps that dehydrochlorination progressed in 
less than 2 % (see Figure 2.7). The changes in geometry are thought to be due to the 
release of stress that was put into the tubes when they were extruded for production; as 
the tubes are heated, the energy and stress is released contracting their structure to a 
lower stress composition. 
 




Table 4.4 Effect of temperature and steam in FPVC tubes after 6 h at 165 ºC. 
 
a) Initial sample b) No steam c) With steam** 
 
Weight loss [wt%] (1.5 g)* -4.3 -5.3 
Dechlorination degree [-] - <2 % <2 % 
Length [cm] 8.6 4.3 4.3 
In x out [mm x mm] 3 x 5 4 x 6 4 x 6 
Volume [ml] 1.2 1.2 1.2 
*Initial sample weight before experiment 
** In the case of steam, 80 vol % of gas flow was steam. 
 
From the results presented in Table 4.4 it is also possible to see an apparent relation 
between the milling and the weight loss of the samples during processing. In line with 
this observation, the relation between plasticizer content and possibility to grind the 
material was investigated. 
 
4.3.2. Relation between plasticizer content and grindability 
The initial hypothesis for the treatment as it is explained in Figure 4.4 was that by 
removing the plasticizer from the FPVC would cause it to become brittle and once 
brittle it would be possible to crush it by milling. To test this hypothesis, experiments 
were carried out using FPVC tubes which had been extracted with dimethyl ether to 
various plasticizer contents up to 85 %. 
 
FPVC tube samples with plasticizer removal degrees of 10, 25, 35, 40, 50, 65, 75, and 
85 % were prepared. Each of these samples was then blended using a sharp-wing power 
blender three times for intervals of 3 seconds. The obtained crushed sample was then 
separated by mesh size into 6 size ranges (see A to F in Figure 4.6 and .Figure 4.7). The 
procedure was repeated twice for each sample and the average values used.  





Figure 4.6 Particle size distribution along with degree of plasticizer extraction. 
 
 
Figure 4.7 Cumulative particle size distribution along with degree of  
plasticizer extraction. 
 
From Figure 4.6 it can be noticed that there is a relation between the degree of 
plasticizer removal and tendency to produce smaller particles when blended. The extent 
of this relation becomes cleared when the cumulative particle size distribution is 
observed (see Figure 4.7). Furthermore, it can be observed that samples which have less 
than 40 % of plasticizer removed and those which have over 40 % removed are 

























































































and 85 % all have a similar behavior demonstrating that a removal over 40 % of 
plasticizer is not required to have the effect of easier particle size reduction. 
 
4.3.3. Effect of plasticizer removal pretreatment 
Observations made regarding the relation between plasticizer removal and ease of 
particle reduction when grinding was done by a sharp wing blender were also tried in 
the rotary kiln ball mill reactor. For this purpose, 500 g of FPVC tubes with a through 
removal of 91 % of the plasticizer where treated according to the standard conditions of 
Test 4 (Table 4.5). 
 
Table 4.5 Effect of plasticizer removal pretreatment (Test 6) compared to 
standard Test 4 conditions. 
Experimental 
conditions 
Test 4 Test 6* 
Temperature [C] 165 165 
Rotating speed [rpm] 20 20 
Steam flow [kg h-1] 17 17 
Al-ceramic balls [kg] 10 10 
Retention time [h] 7 6 
Initial sample [g] 501 503.6 
Final sample [g] 316 467 
Weight loss [wt %] 36.8 7.3 
Size reduction Complete None 
*Test 6 samples have 91 % of plasticizer removal 
pretreatment. 
 
Contrary to what was expected, the plasticizer removal pretreatment had a negative 
effect on the size reduction through ball milling, achieving no particle size reduction 
whatsoever. The reason for the negative effect of plasticizer removal is that along with 




becoming brittle, plasticizer extracted FPVC also becomes harder, thus making the 
shock effect of ball milling ineffective. By comparing SEM images of the untreated 
sample, a plasticizer removed sample and a crushed sample from Test 4 it is possible to 
understand the reason (Figure 4.8). 
 
 
Figure 4.8 Comparison of a) untreated sample, b) sample after 91 % plasticizer 
extraction and c) ground sample after treatment in Test 4. 
 
Looking at photograph b), it is possible to notice that the tube became slimmer as it lost 
mass by plasticizer removal. It was theorized that plasticizer removal would leave pores 
behind were plasticizer was like it was observed in c). However, in the case of 
plasticizer extraction the opposite is true and as plasticizer is extracted the open spaces 
close making the sample compact, with a very smooth and hard surface as evidenced in 
images b). From these observations it can be argued that in the case of ball milling 
FPVC tubes, a soft material with plasticizer is preferred over a brittle yet hard material 
as rigid PVC. Not only removal of plasticizer is advised against; the presence of 
plasticizer in the sample is fundamental for achieving particle size reduction of FPVC 
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4.3.4. Effect of autoclaving pretreatment 
Another approach to the process consisted on autoclaving the samples before feeding 
them to the rotary kiln ball mill. Before testing this pretreatment on the industrial scale 
reactor the effect of autoclaving the samples was investigated. For this purpose, 
experiments were carried out in brass pipe tube autoclaves heated to 125 ºC for 15 min 
and for 1, 3, and 6 h. 
 
 
Figure 4.9 Autoclaved samples in small type brass tube autoclaves a) right after 
autoclaving, and b) after 24 h drying at 80 ºC. 
 
Table 4.6 Weight variation after autoclaving in small type brass pipe autoclave. 
Retention time Initial weight 
[g] 
Final weight [g] 
(Δwt%) 
Final weight [g] 
(Δwt%) - Dried 
15 min 0.8712 0.8740 (+0.32%) 0.8704 (-0.09%) 
1 hour 0.8761 0.8810 (+0.56%) 0.8747 (-0.16%) 
3 hours 0.8774 0.8870 (+1.09%) 0.8763 (-0.13%) 
6 hours 0.8003 0.8181 (+1.61%) 0.7987 (-0.20%) 
 
It can be seen from the appearance of the still wet samples in Figure 4.9 a) and the 
weight increase shown in Table 4.6 that FPVC absorbed water and swelled. As 
autoclaving time increased, the amount of water absorbed increased accordingly up to 
1.62 % of the initial sample weight. In the case of 6 h of processing, it can be seen that 
a)                          b)




the sample acquired a slight color change and became shorter, in a similar way as was 
discussed in Table 4.4. After drying the samples, not only did they reduce their weight 
to their original weight, but became very slightly lightly most likely due to a small 
portion of the plasticizer evaporated. The appearance of the samples also returned to its 
original transparent state.  
 
To investigate the behavior of the plasticizer extracted FPVC tube samples from Test 6 
in the ball mill reactor a 91 % plasticizer removed sample was autoclaved for 6 h. For 
the appearance of the sample in Figure 4.10, it seems that the sample with plasticizer 
removed did not swell as the plasticizer containing sample did. However, the increase of 
1.70 % of its initial mass shown in Table 4.7 suggests that the plasticizer removed 
sample absorbed as much water as the plain sample after the same autoclaving treatment 
for 6 hours. Although water was absorbed by the de-plasticized sample, it did not swell 
or become softer or flexible as the plain sample did. These results can explain why Test 
6 resulted in no changes to the sample, as a hardened de-plasticized FPVC tube will not 
become easier to crush through ball milling even if exposed to abundant steam. 
 
 
Figure 4.10 Samples autoclaved for 6 h in small type brass tube autoclaves a) 
right after autoclaving, and b) after 24 h drying at 80 ºC. From left to right: 
untreated sample, autoclaved sample, and sample autoclaved after plasticizer 
removal. 
a)                       b)




Table 4.7 Weight variation of plasticizer removed sample after autoclaving in 
small type brass pipe autoclave. 
Sample type Initial 
weight [g] 
Final weight [g] 
(Δwt%) 
Final weight [g] 
(Δwt%) – Dried’ 
Normal 0.7751 0.7876 (+1.62%) 0.7729 (-0.28%) 
Plasticizer extracted 0.5150 0.5237 (+1.70%) 0.5146 (-0.08%) 
 
After observing the swelling effect that autoclaving had in the FPVC tubes, tests were 
performed in the plant scale rotary kiln ball mill reactor. Test 7 on Table 4.8 was done 
under the standard set of conditions of Test 4 using samples autoclaved as described in 
the experimental section. Test 8 from the same table also used autoclaved FPVC tube 
samples, but no steam was fed into the reactor during the treatment. The results for Test 
4 are close to those of Test 4 suggesting that in the case where steam if fed into the reactor, 
doing an autoclave pretreatment has no further effect. On the other hand, in the case of 
Test 8, the samples were successfully milled although no steam was fed into the reactor. 
 
Table 4.8 Effect of autoclave pretreatment in flow type process (Test 7) and 








Temperature [C] 165 165 165 
Rotating speed [rpm] 20 20 20 
Steam flow [kg h-1] 17 17 0 
Al-ceramic balls [kg] 10 10 10 
Retention time [h] 7 7 6 
Initial sample [g] 501 500.68 498.32 
Final sample [g] 316 315 418 
Weight loss [wt %] 36.8 37.1 16.1 
Size reduction Complete Complete Complete 
 




Test 8 demonstrated the same degree of size reduction as the standard tests but with 
considerably less mass loss from the sample. These results show that, while the 
presence of steam is crucial for the size reduction of the sample, it is not necessary to 
have a constant steam flow into the reactor. After the autoclaving pretreatment which 
causes the FPVC tubes to absorb water and swell, the water content within the samples 
is enough to have the desired effect. Furthermore, a constant flow of steam removes the 
evaporated plasticizer from the ball mill. On the other hand, a batch process without 
steam flow keeps the plasticizer within the ball mill. The loss of plasticizer from the ball 
mill when a constant steam flow implemented was confirmed by the presence of DOP 
and other similar plasticizers in the water sampling from the condensed steam by 
HPLC. 
 
4.3.5. Combined effect mechanism for milling of flexible poly(vinyl chloride) 
From the results gathered from the laboratory experiments and tests conducted in the 
plant scale rotary kiln ball mill reactor, the effects of each of the factors of temperature, 
steam, milling, and plasticizer removal and autoclaving pretreatment were clarified. 
Several of the most relevant scenarios observed are summarized in Table 4.9. Foremost, 
it was observed that to achieve complete particle size reduction of the FPVC tube 
samples, all three factors of temperature, steam, and milling must be present. 
Additionally, it was observed that plasticizer in the sample is needed to achieve size 
reduction. From these observations, a dynamic of the milling of the FPVC tubes can be 
suggested. 
 
As plasticizer is not entirely bound to the PVC component of FPVC, it can readily 




migrate and move within the component mixture. This movement is facilitated by 
heating through the expansion of the material and the reduction in viscosity and 
evaporation of the plasticizer. Steam also serves this purpose by swelling the sample 
and allowing a more free displacement of the liquid plasticizer within the FPVC mixture. 
Under these conditions the physical shock provided by ball milling causes the 
plasticizer to migrate and, as it does, to leave behind empty spaces where the plasticizer 
previously was. In the case of solvent extraction, the space left by the plasticizer is 
quickly taken by the plasticizer and thus the sample become more dense and strong. On 
the other hand, in the case of steam and heating-assisted ball milling, these spaces might 
become filled with water which does not allow the material to compact. This is 
evidenced by the high porosity observed in the SEM images of Figure 4.8 c). 
 
Table 4.9 Condition set factor combination and overall results for each 
combination of factors. 
Condition set Effect of steam Standard Test 4 Plasticizer removal 
pretreatment Test 6 
Autoclave 



















(+ Steam from water  
in sample) 
Reactor Horizontal tube Rotary kiln ball mill Rotary kiln ball mill Rotary kiln ball mill 
Mass loss Small (~5 wt%) High (~50 wt%) Small (~7 wt%) Moderate (~16 wt%) 
Particle size 
reduction 
None Complete None Complete 
Sample 
hardness 















As the plasticizer migrates within the FPVC forced by the conditions explained above, 
it eventually accumulates in the surface of the tubes. In the case of a constant steam 
flow (Test 4), the plasticizer in the surface of the FPVC tubes can evaporate and be 
transported outside the reactor by the flow of steam. On the other hand, when the 
process occurs in batch (Test 8), the plasticizer which migrates to the surface of the 
samples either remains there, evaporates and condensed back into the surface of the 
samples, or is transferred into the surface of the balls or the reactor walls (Figure 4.11). 
This dynamic would explain the difference between the 36.8 wt% loss in Test 4 and the 
much lower 16.1 wt% loss in Test 8.  
 
 
Figure 4.11 Mechanism of flexible PVC tube particle size reduction through ball 























4.4. Summary and conclusions 
In this chapter, a novel process for the simultaneous sterilization and selective particle 
size reduction of FPVC tubes from a medical use plastic waste mix was proposed and 
evaluated. As over 40 wt% of medical plastic waste is made from FPVC (see Figure 
4.1), a selective particle size reduction of this material in particular allows for easier 
separation of the FPVC from other plastics. Once separated, the FPVC can be recycled 
and the rest of plastics will be free of the chlorinated polymer for posterior management 
or disposal. 
 
The process was found to be possible and the target size reduction to lower than 6 cm in 
diameter was accomplished under certain sets of processing conditions. Optimal 
operation conditions were established to be a temperature of 165~170 ºC, 20 rpm, 20 kg 
of Al-ceramic balls per kg of sample, 6~7 h of retention time, and the presence of steam 
in the reactor. Regarding the amount of steam, it depended on the nature of the process. 
In case of a batch process, an autoclave pretreatment for 2 h under 0.20 Mpa of pressure 
and 121 ºC was required. For a steam flow process, a flow of 34 kg of steam per kg of 
sample per h was used. It is also possible that when using real medical use plastic waste 
which contains approximately 24 wt% of water (Figure 4.1) there is no need to add 
steam into the reactor or perform an autoclave pretreatment as it is likely that the 
swelling of the FPVC will occur during processing. 
 
Depending on the method of processing the obtained crushed FPVC material can either 
be recovered as hard de-plasticized PVC (flow type process), or as soft FPVC (batch 
process). This adaptability invites the possibility to reuse not only de PVC component 




but also the valuable plasticizer component of the FPVC waste. The dynamic of the 
particle size reduction of FPVC was found not to be due to the embrittlement of the 
material as it was originally thought of. The flexibility provided by the plasticizer was 
found to be fundamental for the process. An updated Figure 4.4 process flow diagram 
that takes into consideration this approach is shown in Figure 4.12. 
 
 
Figure 4.12 Flow diagram of proposed adaptable treatment for the simultaneous 
sterilization and separation of medical use plastic waste. 
 
The results obtained from the research presented in this chapter demonstrate the 
possibility to apply this simple method of waste management to specific waste streams 
that require special considerations. As the dynamic of the process has been understood, 
it will now be possible for the industry to take the next step of attempting to carry out 
this method on a larger scale using the real target waste as feed. Additionally, it still 
remains to be proven that the processing conditions specified will be effective in 
carrying out the sterilization of this medical waste.  
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5. CHAPTER V: 
 
BALL MILL-ASSISTED DEBROMINATION OF FLAME 
RETARDANT-CONTAINING HIGH IMPACT POLYSTYRENE 
IN ETHYLENE GLYCOL ALKALINE SOLUTION 
 
 
This chapter presents a process for the debromination and segregation of brominated 
flame retardant form HIPS by combining grinding and alkaline solution under moderate 
temperature. Section 5.1 introduces the background and objectives of this chapter. 
Section 5.2 explains the experimental methods for both simple flask and ball milled 
assisted processes. Section 5.3 discusses the effects of temperature, NaOH 
concentration, and mechanical grinding by comparing flask and ball mill processes. 
Identification and formation mechanisms of degradation products and changes inflicted 
on the HIPS matrix are also discussed. Debromination reaction kinetics are also 
presented of this section. Finally, section 5.4 summarizes and concludes this chapter..  
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Due to the difficulties regarding the recycling of halogenated resins, abundant research 
has been carried out in the matter of dehalogenation. Among the various compounds, 
PVC dechlorination perhaps is the most explored. Similarly to the case of PVC 
dechlorination, successful debromination processes have been reported. A high level of 
debromination of printed circuit boards containing tetrabramobisphenol-A (TBBP-A) in 
has been reported after treatment for 0.5 h at 100~120 ºC in a Na/NH3 solution [1]. 
Additionally, it has been reported that impact resistant polystyrene (HIPS) containing 
decabromodiphenyl oxide (DBDPO or DDO) was debrominated in over 90 % in 1h at 
280 ºC in an aqueous KOH solution [2]. However, these processes require the use of 
autoclave to achieve the necessary high-pressure conditions, thus making the cost of 
equipment and operation expensive. For the process to have an actual applicability, it is 
needed for costs to remain low, and therefore a process that does not require equipment 
such as high-pressure autoclave is desirable. 
 
Previous research in this laboratory has demonstrated that it is possible to obtain a high 
degree of dechlorination of PVC in a NaOH and ethylene glycol solution at moderate 
temperature under atmospheric pressure. It would be expected for a similar process for 
debromination to yield similar results. 
 
With this is mind, the current experiment was designed using HIPS containing a 
decabromodiphenyl ethane (DBDPE) (see Figure 1.3 a) as a flame retardant as a target 
sample. Starting with the successful results for dechlorination achieved previously, the 
current research was done to determine the optimal conditions for the debromination of 
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the sample. Additionally, the use of a ball mill reactor was tested to increase the 
efficiency of the process. 
 
In the present chapter, the first example of efficient removal of a brominated flame 
retardant from HIPS using NaOH/ethylene glycol solution (NaOH(EG)) under mild 
conditions between 150 and 190 ºC in both a stirred flask and a ball mill reactor is 
reported. Decabromodiphenyl ethane (DBDPE) (see Figure 1.7 a) was chosen as one of 
the new emerging brominated flame retardants replacing DBDE. Following the success 
of the dechlorination of PVC in a NaOH(EG) solution [3,4], good results would also be 
expected from the process applied to the similarly halogenated HIPS-DBDPE plastic 
compound. Various conditions were investigated to assess their effect on debromination. 
 
5.1.1. Chapter objectives and outline 
The debromination of DBDPE-containing HIPS was investigated at temperatures 
between 150 and 190 ºC and NaOH concentrations between 0 and 2 mol L
-1
. EG was 
selected as the solvent because of its high boiling point of 196 ºC, which allows the 
treatment to be carried out at atmospheric pressure [5]. Moreover, styrene polymers are 
virtually insoluble in EG, which allows for easy separation of the polymer from the 
solvent after the treatment. Therefore, the conditions of the present method reduce 
operating expenses and energy consumption, while avoiding the formation of hazardous 
products. The progress of the debromination was followed by the detection of bromide 
ions by ion chromatography, which required the degradation of the flame retardant 
DBDPE and the transport of the bromide ions from the polymer matrix into the solvent. 
Neither DBDPE nor HIPS are soluble in EG, and DBDPE undergoes thermal 
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decomposition at temperatures greater than 300 ºC [6]. Therefore, debromination 
depends only on the ability of NaOHEG) to penetrate the polymer and initiate the 
reactive removal of bromine from the organic matrix. The high boiling point of EG (196 
ºC) allows for conduction of the reaction at a moderately high temperature at which the 
polymer matrix is not affected by thermal decomposition. HIPS can be separated from 
the solvent by a simple filtration after debromination.  
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5.2.1. Materials and reagents 
The HIPS sample was prepared for research purposes [7]. It consisted of 6 wt% 
polybutadiene embedded in the polystyrene matrix and 13 wt% DBDPE was added as a 
flame retardant. The elemental composition is given in Table 1. The HIPS sample was 
received as pellets with diameters of 3 mm (18 mg). For the experiment, the pellets 
were ground and sieved to a particle size of less than 250 mm. Methanol, diethyl ether, 
n-hexane, EG, and NaOH were obtained from Kanto Chemicals. 
 
Table 1. Sample elemental composition [%] 
 C H Br Volatiles Ash 
HIPS (DBDPE) 82.29 7.24 10.80 98.1 <0.01 
 
5.2.2. Experimental method 
5.2.2.1. Stirred flask experiment 
A 100 mL three-neck flask equipped with a reflux cooler was heated under a nitrogen 
flow of 100 mL min
-1
 in a silicone oil bath. Experiments were carried out between 150 
and 190 ºC with 1 g of the HIPS sample in 50 mL of NaOH(EG) for 24 h at 
concentrations between 0 and 1 M. The starting point of the reaction was set to the 
beginning of the heating process. Samples of the solution (0.1 mL) were taken at regular 
intervals and analyzed by ion chromatography for bromide. The residual HIPS was 
investigated by thermo-gravimetric analysis (TGA), scanning electron microscopy 
(SEM), and Fourier transform infrared spectroscopy (FT-IR). 
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5.2.2.2. Ball-mill reactor experiment 
Experiments were carried out in a modified rotary evaporator (AS ONE Corporation, 
NA-1, Osaka, Japan) (see Figure 5.1). The distillation flask was replaced with a 
horizontally oriented cylindrical glass grinding chamber (diameter: 150 mm, width: 60 
mm) heated by a silicone oil bath. The chamber was filled with 400 Y2O3-ZrO2 balls, 
each with a diameter of 5 mm, and rotated with a speed of 60 rpm. It should be noted 
that the ball milling process caused substantial abrasion of the Y2O3-ZrO2 balls. The ball 
mill was purged with a constant nitrogen flow of 100 mL min
-1
. Samples were taken 
from an opening opposite to the driving shaft of the grinding chamber. The experimental 
procedure was the same as that for the stirred flask experiments. 
 
 
Figure 5.1 Experimental apparatus used for the ball mill-assisted debromination 
of HIPS-DBDPE in NaOH(EG) solution. 
 
5.2.3. Analyses 
The liquid samples were filtered and extracted with diethyl ether. The aqueous phase 
was analyzed by ion chromatography for the determination of the bromide content. A 
Dionex DX-100 ion chromatograph was used for the determination of the bromide 
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concentration of the ethylene glycol solution. The analysis was carried out using an 
IonPac AG16/AS16 column set (Dionex). Aqueous NaOH with a concentration of 35 
mM was used as the mobile phase. 
 
Organic degradation products of the flame retardant were determined from the organic 
phase using high-performance liquid chromatography in connection with a 
mass-selective detector (HPLC-MS). The HPLC-MS system (Shimadzu) was equipped 
with a single quadruple LCMS-2010 mass spectrometer executed in electron spray 
ionization. A CrestPak C18S column was used with 5 mmol L
-1
 aqueous ammonium 
acetate solution and acetonitrile as mobile phase at 40 ºC. The TGA measurement was 
carried out with a Seiko TG/ TDA6200 at a heating rate of 5 K min
-1
 over the 
temperature range of 50 to 700 ºC with a helium flow rate of 200 mL min
-1
. This high 
gas-flow rate was necessary to avoid back diffusion of HBr, which causes corrosion of 
the TGA balance. The measurement was controlled using MUSE Measurement 4.1 
software. For TG-MS measurement, the TGA was coupled with an HP5973 mass 
selective detector by a 5 m stainless steel capillary (Frontier Lab, UADTP-5 M). SEM 
photographs were taken with a TOPCON ABT-32 electron microscope (Tokyo, Japan) 
after coating the sample surface with platinum. KBr pellets of the sample and the 
residue were analyzed using a Shimadzu FTIR-8100M spectrometer. NMR 
measurements were carried out using a Bruker DPX400 and CDCl3 as solvent. The 
bromine content of the initial and treated HIPS samples was determined by wavelength 
dispersive X-ray fluorescence (WDXRF) using a Bruker AXS S8 Tiger. 
 
The residual polymer was washed with methanol and water to remove EG and then 
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dried at 40 ºC. Soxhlet extraction of the dry polymer was carried out in the presence of 
n-hexane. The extracted polymer was analyzed for the bromine content by X-ray 
fluorescence analysis (XRF), Fourier transform infrared spectroscopy (FT-IR), and 
nuclear resonance spectroscopy (NMR). The extract was evaporated at 40 ºC for the 
detection of flame retardant degradation products. However, no residue was found.  
 
5.2.4. Definition of terms 
The debromination ratio XBr was calculated by: 
 
    
    
        
                   (Equation 5.1) 
 
with mBr- being the amount of inorganic bromide determined by ion chromatography 
and mHIPS-Br being the initial bromine content of the HIPS. This definition implies that 
organic bromine dissolved in the EG solution is not considered as full-fledged 
debrominated, even if it is not present in the polymer any more. 
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5.3. Results and discussion 
5.3.1. Debromination behavior of samples 
5.3.1.1. Effect of temperature and NaOH concentration 
The temperature had a strong impact on the debromination of flame-retardant HIPS in 
the stirred flask reaction (Figure 5.2 a). A low debromination ratio of 2.2 % was 
observed after 24 h at 150 ºC when 0.5 mol L
-1
 NaOH was used. The debromination 
ratio rose to 17 % at 170 ºC and reached 42 % at 190 ºC. It is noteworthy that the lag 
time between the start of the heating process and the first observation of bromide in the 
solution was very pronounced at 150 ºC. At this low temperature, debromination was 
first detected after 18 h. Increasing temperature reduced the lag time until it was barely 
observed at 190 ºC.  
 
The NaOH concentration had little impact on the debromination behavior at 190 ºC 
(Figure 5.2 b). It can be seen that in the absence of NaOH, debromination was not 
observed. A low NaOH concentration of 0.1 mol L
-1
 already resulted in a debromination 
ratio of 34 %. The debromination ratio was independent of the NaOH concentration 
between 0.25 and 2 mol L
-1
, where about 42 % of the bromine was removed from the 
sample after 24 h. Although the debromination showed a uniform behavior at these 
NaOH concentrations, some differences could be seen. The lag time for all 
concentrations was about 1 h. However, the initial debromination rate increased at low 
NaOH concentrations; after that, debromination was faster at higher concentrations. It 
can be assumed that the lower polarity of NaOH solutions with concentrations of 0.25 
and 0.5 mol L
-1
 allowed for faster swelling of the nonpolar polymer. Slow swelling in 
1.0 and 2.0 mol L
-1
 NaOH solutions would have initially prevented contact between the 
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flame retardant and alkaline solution, and this was compensated for by the higher 




Figure 5.2 Debromination of HIPS-DBDPE samples at a) various temperatures 
under constant NaOH concentration of 0.5 M and b) various NaOH 
concentrations under constant temperature of 190 ºC in flask reactor 
 
Figure 5.2 b) shows the degree of debromination achieved by various NaOH 
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did not occur at all. As the concentration of NaOH increased, so did the degree of 
debromination in a 24 h period. These results suggest that the debromination occurs 
through the presence of OH
-
, meaning that a larger amount of OH
-
 would also increase 
the degree of dechlorination. However, it was observed that a 0.5 M concentration 
provided a slightly higher final degree of debromination (43 %) in comparison to 1.0 M 
(42 %). This behavior can be explained by the fact that at 0.5 M, there is an excess of 18 
times more OH
-
 than Br in the sample, making additional increases in concentration 
ineffective. On the other hand, a higher concentration of NaOH could be responsible for 
an increase in the solution’s viscosity, decreasing the mass transfer rate and 
consequently decreasing the degree of debromination achieved. 
 
Figure 5.2 b) shows the degree of debromination achieved at various temperatures in a 
24 h interval using a 0.5 M concentration of NaOH in EG. The lowest temperature 
investigated was 150 ºC and after 24 hour only a 2.2 % debromination occurred. By 
increasing the temperature to 170 ºC, the obtained debromination increased significantly 
up to 17 %. Moreover, an additional increase to 190 ºC provided a 43 % debromination. 
While it is clear that a higher degree of debromination could be achieved at higher 
temperatures, the maximum temperature is limited by the boiling point of EG (Tb: 196 
ºC) under atmospheric pressure conditions. 
 
5.3.1.2. Effect of ball-milling 
For the debromination process of HIPS/DBDPE in NaOH/EG solution to be thought of 
as viable in a large scale it is necessary to increase its efficiency further. The best way to 
do so would be to allow for the OH
-
 in the solution to get in contact with the brominated 
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compounds more easily during the entire duration of the reaction and not only its initial 
superficial reaction stage. For this purpose, the experiment was carried out in a ball-mill 




Figure 5.3 Debromination of HIPS-DBDPE samples at a) various temperatures 
under constant NaOH concentration of 0.5 M and b) various NaOH 

































































Chapter V: Ball mill-assisted debromination of flame retardant-containing high-impact 




Ball milling had a positive effect on the debromination ratio, which increased at all 
temperatures compared with the stirred flask reaction (Figure 5.3 a). At 190 ºC, a 
debromination ratio of 98 % after 24 h was achieved. The remaining bromine content in 
the treated HIPS sample was only 0.02 wt% determined by XRF. Also the 
debromination ratios at 170 ºC (25 %) and 150 ºC (8 %) were significantly higher than 
without ball milling. The lag time was uniformly reduced to about 1 h for all 
temperatures, probably owing to the reduction of particle size resulting from ball 
milling. In contrast to the reaction in the flask, the concentration of the NaOH solution 
also had a strong impact on the debromination ratio in the ball mill (Figure 5.3 b). 
Ethylene glycol alone did not result in any debromination at 190 ºC. NaOH 
concentrations up to 0.5 mol L
-1
 accelerated the reaction. Higher concentrations resulted 
in decreased debromination ratios. The same behavior has already been reported for the 
alkaline hydrolysis of poly(ethylene terephthalate) (PET) [ 8 ] and the alkaline 
dehydrochlorination of poly(vinyl chloride) (PVC) [5] in ethylene glycol. Oku et al. [8] 
suggested that this behavior is caused by the increasing viscosity of the solution. It can 
also be assumed that the difference between the polarities of the solution and the 
substrate had a strong influence on the reaction rate since the appropriate NaOH 
concentrations were higher for PET (2 mol L
-1
) and PVC (1 mol L
-1
) than for HIPS (0.5 
mol L
-1
). This reflects the decreasing polarity of these polymers. 
 
5.3.2. Degradation products characterization 
5.3.2.1. Changes in appearance and bonding characteristics of sample 
The particle shapes of the initial and the debrominated polymer were investigated by 
SEM (Figure 5.4). The spherical shape of the initial polymer remained unchanged after 
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treatment in the flask. However, particles appeared to be smaller owing to the loss of 
flame retardant. Ball milling had a more obvious effect on the appearance of the 




Figure 5.4 Appearance and SEM images of HIPS-DBDPE samples a) before 
the experiment, and after debromination at 190 ºC in 0.5 M NaOH(EG) in b) 
flask reactor, and c) ball mill reactor. 
 
The FT-IR spectrum of debrominated HIPS (Figure 5.5) showed few differences before 
and after debromination. Aliphatic C-H stretching vibrations were observed at 2851 and 
2924 cm
-1
, and aromatic C-H stretching vibrations were observed at 3026, 3059, and 3083 
cm
-1
. The C-H out-of-plane overtone and combination bands at 1743, 1802, 1869, and 
1940 cm
-1
 showed the presence of mono-substituted aromatic rings. The C=C stretching 
vibrations were present at 1452 and 1494 cm
-1
. Aromatic C-H out-of-plane deformation 
vibrations were observed at 693 and 764 cm
-1
, and in-plane ring deformation vibrations 
were at 538 cm
-1
. DBDPE vibrations (Figure 5.5 a) were too weak to be observed in the 
DBDPE containing HIPS sample (Figure 5.5 b) or covered by similar polystyrene peaks.  
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Figure 5.5 FT-IR spectra of a) DBDPE, b) fresh HIPS-DBDPE, c) plain HIPS, 
and HIPS-DBDPE debrominated by ball milling in 0.5 M NaOH(EG) at 190 ºC 
for d) 3 h, e) 6 h, f) 24 h, g) THF soluble and h) THF insoluble fractions of 
debrominated HIPS-DBDPE. 
 
Debromination in the ball mill reactor at 190 ºC had little impact on the spectral 
properties of the HIPS sample used. The only obvious change was the occurrence of the 
OH vibration at 3450 cm
-1
 related to the formation of phenols (Figure 5.5 d, e, f). The 
THF soluble and insoluble fractions of the debrominated HIPS (Figure 5.5 g, h) show 
little differences, suggesting both fractions consisted basically of the same structural 
elements. NMR spectra (figures included in the appendix) did not reveal any changes of 
the polymer matrix, as well. TG-MS of the THF soluble and insoluble fraction indicated 
only for the insoluble fraction the presence of phenol (m/z = 94). This indicates that 
parts of the polymer might be cross-linked by the DBDPE backbone. The OH vibration 
of the soluble fraction might be therefore the result of the hydrolysis of polybutadiene 
double bonds.  
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5.3.2.2. Changes in the thermal stability of solid sample residue 
TGA investigation showed that the presence of the flame retardant reduced the thermal 
stability of the polymer. Both HIPS-DBDPE and extracted HIPS left about 2 wt% 
residue after thermal degradation. The thermal stability of the debrominated HIPS was 
significantly improved (Figure 5.6).  
 
 
Figure 5.6 Thermo-gravimetric analysis (TGA) of HIPS-DBDPE before and 
after debromination. 
 
The onset temperature (5wt% weight loss) rose from 344 ºC for HIPS-DBDPE to 392 
ºC for the debrominated sample and was even higher than for the extracted HIPS (371 
ºC). The degradation of HIPS-DBDPE progressed in the same way as previously 
reported [6,7] with two maxima in the differential thermo-gravimetric (DTG) curve, the 
earlier maximum representing degradation of the flame retardant and the second 
representing degradation of the polymer after depletion of the flame retardant. After 
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the second maximum with the same temperature (HIPS-DBDPE: 429 ºC, debrominated 
HIPS: 431 ºC). The DTG maximum of the extracted HIPS was slightly lower (415 ºC). 
In contrast to HIPS-DBDPE, the debrominated HIPS left a residue of 8.4 wt% after 
degradation. HIPS extracted from the debrominated sample had a slightly lower thermal 
stability than the debrominated sample itself. Also the residue of the extracted 
debrominated HIPS increased reaching 17 wt%. It can be assumed that products from 
the flame retardant debromination had a positive impact on the thermal stability of the 
polymer.  
 
5.3.2.3. Soluble brominated degradation products and formation mechanism 
Gas chromatographic analysis of the EG solution did not reveal any DBDPE 
debromination products. However, various brominated compounds were detected using 
HPLC-MS (Table 5.1). This method did not allow the absolute identification of the 
compounds found. Though, molar masses found suggested mainly the occurrence of 
aromatization reactions resulting in phenanthrene structures and condensation reactions 
causing dimerization. Most of the masses found were accessible by a few basic 
reactions summarized in Figure 5.7 and Figure 5.8.  
 
Debromination was achieved either by the substitution with hydroxide or the 
elimination of HBr (see Figure 5.7). The formation of both double bonds 
(1,2-diphenylethene (2)) and rings (9,10- dihydrophenanthrene (3)) seems to be possible. 
Dimerization products (5,6,7,8) as well as phenanthrene (9) structures were observed. It 
can be seen from Table 5.1 that most of the hydrogen necessary for the debromination 
was provided by DBDPE. Most of the structures found contained phenanthrene and 
other condensed aromatic structures (see Figure 5.8). Furthermore, EG might also act as 
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hydrogen source, as observed during the reduction of brominated compounds at 290 ºC 
in alkaline triethylene glycol solutions [9]. A more specific list of the suggested 
structures of the detected compounds according at any given measuring time can be 
found in the appendix. 
 
Table 5.1 Molar masses of brominated compounds derived by HPLC-MS 
ordered by reaction time. 
Time [h] m/z Structure Br OH 
 678 (10) 6 2 
1 682 (8) 4 1 
 760 (8) 5 1 
 762 (7) 5 1 
 838 (8) 6 1 
 522 (10) 4 2 
2 538 (10) 4 3 
 682 (8) 4 1 
 760 (8) 5 1 
 822 (8) 6 - 
 838 (8) 6 1 
 538 (10) 4 3 
6 682 (8) 4 1 
 760 (8) 5 1 
 838 (8) 6 1 
 902 (9) 5 10 
 446 (3) 3 2 
16 522 (10) 4 2 
 682 (8) 4 1 
 760 (8) 5 1 
 838 (8) 6 1 
 902 (9) 5 10 
 366 (10) 2 2 
24 382 (10) 2 3 
 446 (3) 3 2 
 524 (3) 4 2 
 526 (1) 4 2 
 602 (3) 5 2 
 604 (1) 5 2 
 680 (3) 6 2 
 760 8) 5 1 
 838 (8) 6 1 
 860 (4) 6 2 
 1052 (5) 6 14 
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Figure 5.7 Suggested pathways of DBDPE debromination according to 
products derived from HPLC-MS. 
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Figure 5.8 Suggested pathways of the dimerization, condensation, and oxidation 
of DBDPE degradation products according to products derived from HPLC-MS 
analysis. 
 
5.3.3. Debromination reaction kinetics study 
5.3.3.1. Experimental method 
The debromination ratio for each run was fitted to 22 kinetic models (Table 3 in Grause 
et al. [6]). The function g(X), in which X is the conversion or debromination ratio, 
should give a straight line for a valid kinetic model (Table 5.2 and Table 5.3) when 
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plotted against X. It is common for various kinetic models to result in a good correlation 
for one set of data. Therefore, the second and third best models are given in parentheses 
next to the best fit in Table 5.3. The values for the reaction rate constant k, of the most 
probable kinetic model were plotted as ln(k) against the inverse absolute temperature. 
According to the Arrhenius equation, the activation energy Ea, is calculated from the 
slope and pre-exponential factor A is calculated from the intercept of the ln(k) axis:  
 
      
  
 
                      (Equation 5.2) 
















[  21lg r ] 
Flask    
150 0.5 A3 (A4, P4) 5.58 
170 0.5 D3 (D4, D2) 2.28 
190 0 -  
190 0.1 D3 (D4, D2) 2.19 
190 0.25 D3 (F3, D4) 1.82 
190 0.5 D3 (D4, D2) 2.14 
190 1.0 D3 (D4, D2) 2.72 
190 2.0 D1 (P2/3, F2) 2.32 
Ball mill    
150 0.5 P4 (A4, A3) 1.81 
170 0.5 D1 (D2, D4) 2.62 
190 0 -  
190 0.1 D3 (D4, D2) 2.21 
190 0.25 F3 (D3, D4) 2.24 
190 0.5 D1 (R3, P2/3) 1.62 
190 1.0 F3 (D3, D4) 1.67 
* In brackets: the second and third best fit 
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Table 5.3 Common reaction models found for the debromination of 
HIPS-DBDPE in NaOH(EG). 
Model Form G(X) g(X) 













reaction (contracting sphere) 
3
2
)1(3 X  3 11 X  
F2 Second order 
2)1( X  1)1( 1  X  
F3 Third order 
3)1( X   1)1(5.0 2  X  
A3 Avrami Eroféev   3
2
)1ln()1(3 XX   3 )1ln( X  
A4 Avrami Eroféev   4
3
)1ln()1(4 XX   4 )1ln( X  
D1 One dimensional diffusion X5.0  2X  
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Two dimensional diffusion 
(bidimensional particle shape) 
(Valensi) 
  1)1ln(  X  XXX  )1ln()1(  
D3 
Three dimensional diffusion 
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D4 
Three dimensional diffusion 
(tridimensional particle shape) 
(Ginstling Brounshtein) 













5.3.3.2. Results and discussion 
The predominant model for the stirred flask reaction was the three-dimensional diffusion 
model by Jander [10]. Different kinetics were only observed at low temperatures or high 
NaOH concentrations. The behavior was less pronounced when the ball mill was used. 
Various kinetics models were found to be dependent on the temperature and NaOH 
concentration, even if the majority suggested a diffusion-controlled reaction. This behavior 
and the nature of the material suggest a more complicated mechanism of debromination.  
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The sequence of events can be assumed as follows: at first, NaOH(EG) penetrated the 
HIPS particles by diffusion and swelling of the polymer. Second, the debromination of 
DBDPE occurred. In the last step, the diffusion of bromide back into the EG solution 
took place. It is clear from the kinetic analysis that in the flask, the three-dimensional 
diffusion was the rate determine step at temperatures greater than 170 ºC, suggesting 
that the debromination reaction proceeded rapidly. At the temperature of 150 ºC, 
Avrami-Erofeev model A3 was obtained as the best fit. Since kinetic model A3 
describes nucleation as can be found for gas evolution and crystallization, it is quite 
unlikely to be valid under the conditions used. It can be assumed that rates of diffusion 
and debromination were comparable, mimicking model A3.  
 
The behavior was more complex when the ball mill was used. The same kinetic model, 
A3, was found at a low temperature of 150 ºC for both the flask and the ball mill. At 
higher temperatures, diffusion-controlled models D3 and D1 were dominant. In two cases 
at 190 ºC, a third-order kinetics model was observed as the best fit. However, the D3 fit 
(diffusion by Jander) was of similar quality and it can be assumed that this was the 
kinetics model this reaction actually followed. It can be seen from Figure 5.4 that the 
spherical shape of the flame-retardant HIPS particles was preserved during the reaction in 
the flask. The spherical shape also allowed the diffusion to take place in three directions, 
resulting in kinetic model D3. Ball milling at a NaOH concentration of 0.5 mol L
-1
 
resulted predominantly in kinetic model D1 since particles were ground, obtaining a 
flattened structure. This material had a two-dimensional appearance with one dimension 
much smaller than the other two forming the surface. In this case, it can be assumed that 
diffusion proceeded primarily in one direction vertical to the flattened surface.  
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Kinetic data were calculated for models D3 and D1 for the flask and ball mill, 
respectively. Approximately the same activation energy was found for both 
debromination processes: 201 kJ mol
-1
 for the flask and 207 kJ mol
-1
 for the ball mill. 
The processing method seemed to have no influence on the reaction mechanism. The 








 in the 
ball mill. The rise by a factor of 100 was responsible for the enhanced debromination in 
the ball mill owing to the greater contact between the NaOH solution and the flame 
retardant- containing polymer. 
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5.4. Summary and conclusions 
The debromination of DBDPE-containing HIPS in NaOH(EG) at 190 ºC resulted in high 
debromination ratios. In particular, ball milling was proven to be a mild method 
appropriate for the removal of bromine from a polymer matrix. The residual polymer 
might have been cross-linked through the DBDPE backbone. Other signs of degradation 
were not observed. TGA revealed excellent thermal properties of the recovered polymer. 
HPLC-MS analysis of the EG solution showed that bromine was substituted partly by 
hydroxyl groups and partly by hydrogen. Phenanthrene and 9,10- dihydrophenanthrene 
structures were formed by ring closure. The high residue formation during the 
degradation of debrominated HIPS and the presence of hydroxyl vibrations in the FT-IR 
spectrum suggest that the DBDPE backbone did not leave the polymer matrix, but was 
bound to the polymer.  
 
After the removal of DBDPE, the residual HIPS might be appropriate for mechanical 
recycling. The degradation of DBDPE starts in the same temperature range in which 
HIPS processing is commonly applied. Therefore, the removal of the flame retardant 
reduces the risk of thermal deterioration of the polymer during processing. Moreover, 
the amount of brominated organic compounds is reduced, reducing also the danger of 
releasing these products into the environment.  
 
The GC analysis of the EG solution showed that flame retardant degradation products 
had low volatility. This offers the opportunity of regaining purified EG by distillation. 
Bromine might be recovered from NaBr after purification from the small amount of 
debromination products observed in the EG solution.  
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6. CHAPTER VI: 
 
SYNTHESIS AND CONCLUSIONS 
 
 
This chapter serves as a general summary of the research done and the results obtained. 
Conclusions regarding the fulfillment of the general objectives and the significance of 
the work contained on this thesis are made.  




6.1. Chapter-by-chapter summary 
Chapter II: Steam-assisted dehydrochlorination of PVC materials: The steam assisted 
thermal treatment can improve dehydrochlorination efficiency in about 15 to 20 % 
compared to dry thermal treatment. Similarly to dry thermal dehydrochlorination, it 
follows apparent first order reaction kinetics but has a rate constant 50 % larger than 
that of dry thermal dechlorination. Steam improves dehydrochlorination of PVC and 
FPVC by acting as an efficient mass and heat transfer medium. 
 
Chapter III: Interaction between plasticizer and poly(vinyl chloride) degradation 
products in steam-assisted thermal treatment: main loss of DOP plasticizer is through 
evaporation. DOP hydrolysis occurs by reaction with HCl, which is released by the 
dehydrochlorination of the PVC component of the FPVC mixture. Thermal degradation 
of FPVC is more than sum of its components; there are important interactions between 
degradation components of both the plasticizer additive and PVC polymer backbone. 
 
Chapter IV: Selective steam-assisted mechanical grinding of flexible poly(vinyl 
chloride): Joint research provided fruitful results regarding the optimal operation 
parameters for the selective grinding of FPVC in a mix such as medical use plastic 
waste. It was found that the factors which allow the mechanical grinding of flexible 
PVC by ball milling are temperature, sample water absorption by steam atmosphere, 
and the flexibility granted by the plasticizer content. Simultaneous selective medical use 
FPVC particle size reduction and steam-sterilization is possible, but tests proving the 
sterilization of the material under the operating conditions should be verified. 
 




Chapter V: Ball mill-assisted debromination of flame retardant-containing high impact 
polystyrene in ethylene glycol alkaline solution. Complete debromination and 
separation of the flame retardant from HIPS was achieved. Ball milling greatly 
increased debromination degree and speed by increasing surface of material. Ball mill 
assisted NaOH(EG) dehalogenation was confirmed to be effective for both PVC and 
HIPS-DBDPE alike.  




6.2. Final conclusions 
There is an increasingly urgent need to effectively reutilize plastic wastes in due to the 
limited amount of petrochemical resources. Alongside this, the environmental 
deterioration caused by years of improper waste disposal has become evident, causing a 
growing concern about the public health implications of the current waste disposal 
practices. This thesis was written with the objective of providing data which contributes to 
the development of lower-cost and accessible local treatment methods for 
halogen-containing polymeric waste, as fulfilling this objective would allow for a 
greater portion of wastes to be recycled or be disposed of adequately, thus decreasing 
the burden that this waste constitutes to the environment and human societies. 
 
For this purpose, various pretreatments for the recycling or safe disposal of 
halogen-containing polymers PVC and flame-retarded HIPS were investigated. The focus 
has been the use of steam under atmospheric pressure as well as grinding using ball milling 
to treat both types of halogen-containing polymers. The processes were observed to have 
potential for real application, as shown by the research conducted for the disposal of 
medical used plastic waste. However, to consider these processes a means for disposal or 
recycling pretreatment the toxicity of the resulting components should be clarified and the 
actual reusability of the solid residues obtained must be tested. Furthermore, efforts should 
be made to secure the regeneration and reusability of the solvents when these are used.  
Nonetheless, the results presented in this work are an invitation to both industry and 
academia to continue pushing forward the development of better methods to recycle or 












Appendix Chapter I 
Table A1.1 Comparison of several methods of wet solvent separation of 
phthalate plasticizers 






Reported efficiency Observations 




Et2O DOP 60a 4 99% 20 mg PVC/ml solvent 
M. Benes et al18 Soxhlet 
extraction 
DCM DOP 60 a 1 70% Dissolves PVC and 
doesn’t precipitate 
M. Benes et al18 Soxhlet 
extraction 
Cyclohexane DOP 60 a 1 Low Value undisclosed 
Q. Wang et al9 Soxhlet 
extraction 
CCl4/MeOH 45 wt% 
DOP 
60 a 6 99% Medical tube. Extract 
contains impurities 
Q. Wang et al19 Soxhlet 
extraction 
Et2O 45 wt% 
DOP 
60 a 24 98% Medical tube. Some 





CCl4/DMF/MeOH DOP 20 b 0.5 100% 0.58/0.08/0.34 
proportion 
M. Benes et al18 Dissolution/ 
precipitation 
THF/MeOH DOP 20 b 0.5 99% 10 mg PVC/ml solvent 
Q. Wang et al19 Dissolution/ 
precipitation 
THF/MeOH 45 wt% 
DOP 
20 b 0.5 97% Medical tube. Extract 
contains impurities 




MEK/H2O(vap) Mixed 20 b 0.25 High Vinyloop® process 
commercially applied 




t-butyl alcohol 34 wt% 
DOP 
40 12 77% Blood bag sample 




EtOH 34 wt% 
DOP 
40 12 52% Blood bag sample 




MeOH 34 wt% 
DOP 
40 12 61% Blood bag sample 








40 12 60% Blood bag sample 




n-hexane 34 wt% 
DOP 
40, 65 12 60%, 93% Blood bag sample 
Q. Wang et al19 Batch 
extraction 
CHCl3 45 wt% 
DOP 
20 b 24 98% Medical tube. Very pure 
extract 
M. Benes et al18 Ultrasound 
extraction 
Hexane DOP 20 b 0.5 70% 50 mg PVC/ml solvent 




NaOH(EG) DINP 190 1 98% (90%)c Ball-mill assisted 
process 




NaOH(aq) 10M DOP 120 25 94%  




NaOH(aq) 10M DINP 100 12 100%  
 
F. Osada et al27 Microwave 
extraction 
NaOH(EG) 8M DOP 130 0.5 100% Selective dechlorination 
if over 150 °C 
a Set temperature of Soxhlet equipment, not temperature of solvent in contact with the sample, which is lower. 
b Room temperature assumed to be 20°C. 
c Value in parenthesis is degree of dechlorination of sample under the processing conditions. 
 
Table A1.2 Description of the experimental procedure, parameters, and results 
of the dechlorination methods presented in this review. 
Reaction type Hydrolytic vapour processes Organic solvent processes 
Process type "Sub/supercritical vapour" "Atmospheric pressure vapour" "EG/NaOH" "PEG/KOH" 
Characteristic High pressure Low pressure Heterogeneous Homogeneous 
Objective of 
dechlorination 
Dechlorinated residue for 
incineration 
Dechlorinated residue for 
incineration 




resembling PA  
Reactor type Covalt alloy batch reactor, 
autoclave 
Teflon batch reactor, autoclave 3-necked pyrex flask 3-necked pyrex flask 
Materials PVC, water, Ar PVC, water, NaOH PVC, EG,  
NaOH, N2 
PVC, PEG,  
THF, KOH, N2 
Temp. range 200~600°C 200~250°C 130~190°C 20°C 
Press. range 1.6~55.7MPa NA 0.1MPa 0.1MPa 





250°C, 1 hr 
≈100%@ 
250°C, 6 hr 
≈97.8%@ 
190°C, 0.75hr, 1.0M 
[NaOH] 
≈98%@ 







Appendix Chapter IV 
 
Figure A4.1. Schematic diagram of Johnson boiler rotary kiln adapter to work 










FigureA5.1Products derived from the HPLC analysis of ethylene glycol solution at  





























































































































































































































































































































FigureA5.2 Products derived from the HPLC analysis of ethylene glycol solution 
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